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Collider Type
!
s P [%] N(Det.) Linst [1034] L Time Refs. Abbreviation

[e!/e+] cm!2s!1 [ab!1] [years]

HL-LHC pp 14TeV — 2 5 6.0 12 [13] HL-LHC

HE-LHC pp 27TeV — 2 16 15.0 20 [13] HE-LHC

FCC-hh(") pp 100TeV — 2 30 30.0 25 [1] FCC-hh

FCC-ee ee MZ 0/0 2 100/200 150 4 [1]

2MW 0/0 2 25 10 1–2

240GeV 0/0 2 7 5 3 FCC-ee240

2mtop 0/0 2 0.8/1.4 1.5 5 FCC-ee365

(+1) (1y SD before 2mtop run)

ILC ee 250 GeV ±80/±30 1 1.35/2.7 2.0 11.5 [3, 14] ILC250

350 GeV ±80/±30 1 1.6 0.2 1 ILC350

500 GeV ±80/±30 1 1.8/3.6 4.0 8.5 ILC500

(+1) (1y SD after 250 GeV run)

1000 GeV ±80/±20 1 3.6/7.2 8.0 8.5 [4] ILC1000

(+1-2) (1–2y SD after 500 GeV run)

CEPC ee MZ 0/0 2 17/32 16 2 [2] CEPC

2MW 0/0 2 10 2.6 1

240 GeV 0/0 2 3 5.6 7

CLIC ee 380 GeV ±80/0 1 1.5 1.0 8 [15] CLIC380

1.5 TeV ±80/0 1 3.7 2.5 7 CLIC1500

3.0 TeV ±80/0 1 6.0 5.0 8 CLIC3000

(+4) (2y SDs between energy stages)

LHeC ep 1.3TeV — 1 0.8 1.0 15 [12] LHeC

HE-LHeC ep 1.8 TeV — 1 1.5 2.0 20 [1] HE-LHeC

FCC-eh ep 3.5TeV — 1 1.5 2.0 25 [1] FCC-eh

Table 1. Summary of the future colliders considered in this report. The number of detectors
given is the number of detectors running concurrently, and only counting those relevant to the
entire Higgs physics programme. The instantaneous and integrated luminosities provided are those
used in the individual reports, and for e+e! colliders the integrated luminosity corresponds to
the sum of those recorded by the detectors. For HL-LHC this is also the case while for HE-LHC
and FCChh it corresponds to 75% of that. The values for

!
s are approximate, e.g. when a scan

is proposed as part of the programme this is included in the closest value (most relevant for the
Z, W and t programme). For the polarisation, the values given correspond to the electron and
positron beam, respectively. For HL-LHC, HE-LHC, FCC, CLIC and LHeC the instantaneous and
integrated luminosity values are taken from ref. [12]. For these colliders the number of seconds
per year is 1.2 " 107 based on CERN experience [12]. CEPC (ILC) assumes 1.3 " 107 (1.6 " 107)
seconds for the annual integrated luminosity calculation. When two values for the instantaneous
luminosity are given these are before and after a luminosity upgrade planned. The last column
gives the abbreviation used in this report in the following sections. When the entire programme is
discussed, the highest energy value label is used, e.g. ILC1000 or CLIC3000. It is always inclusive,
i.e. includes the results of the lower-energy versions of that collider. Also given are the shutdowns
(SDs) needed between energy stages of the machine. SDs planned during a run at a given energy are
included in the respective energy line.(*) For FCC-hh a value of

!
s = 37.5 TeV is also considered,

see appendix F. Additional scenarios where ILC/CLIC accumulate 100 fb!1 on the Z-pole, and
where FCC-ee has 4 IPs are also discussed in appendix F.
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Infinity and beyond
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Table 1
ERL e+e! integrated luminosity per year assuming a 
running time and e!ciency as in reference [2].

"s [GeV] L/year [ab!1]

Z 91 11.5
WW 160 14.1
HZ 240 8.8
tt 365 4.2
ZHH 500 1.7
ttH 600 1.0

2. Concept of the ERL e+e! collider

The luminosity in circular lepton colliders is given by:

L = fc
Ne!Ne+
4!"x"y

h = Ie! Ie+
4!"x"y · fc · e2 h (1)

where Ne± are the number of positrons and electrons per bunch, 
fc is the bunch collision frequency, Ie± = e fc Ne± are the positron 
and electron beam currents, 2" 2

x,y # "+2
x,y + "!2

x,y ; "±
x,y =

!
#$±

x,y$
$±
x,y

are RMS beam sizes with #$±
x,y being the #-functions [18] at the 

collision point and $±
x,y being the geometric RMS emittances for 

the horizontal and vertical directions, for positron (+) and electron 
(-) beams, respectively; and h %1 accounts for the hour-glass ef-
fect. The CM collision energy is limited by synchrotron radiation 
losses, which increases as the 4th power !%E = eV S R % E41 of 
the beam energy. Maximized for equal currents of the electron and 
positron beams (Ie! = Ie+ = I) at a chosen CM energy and bunch 
collision frequency the luminosity then scales as the square of the 
synchrotron radiation power P S R = 2V S R · I [19]:

L = h
16!"x"y fc

"
P S R

eV S R

#2

. (2)

The energy losses in the beams have to be compensated by RF 
systems of the accelerator. For a fixed RF power, the luminosity 
can only be increased by reducing the denominator in eq. (1), e.g. 
reducing of the terms in fc "x "y. The need for maintaining circu-
lating beams in SR colliders adds a firm limitation on the allowable 
beam-beam tune-shift [20]2:

&&
x,y =

re#
$&
x,y

2! fc"
±
x,y

$
"±

x + "±
y

%
Ie±
e

' &max % 0.1 ÷ 0.2, (3)

where re is the classical radius of an electron. The current SR 
e+e! collider design [2,11–15] already uses optimized values of 
#$

x,y and attainable beam-beam tune-shifts to achieve the lumi-
nosity shown in Fig. 1. For a fixed IR geometry and fixed values of 
#$

x,y , eq. (3) prohibits any reduction of the beam emittances $x,y
3

and the bunch collision frequency fc below that imposed by the 
beam-beam limits.

The fact that, as in a linear collider, bunches collide only once in 
an ERL e+e! collider allows for substantial increases of the lumi-
nosity by removing the limitations imposed by eq. (3). A possible 
realization of a ERL e+e! collider in a tunnel with 100 km circum-
ference is shown in Fig. 2.

In this collider design the electron and positron beams are ac-
celerated to the collision energy in a multi-pass ERL. Most of the 

1 We assume equal synchrotron radiation losses for the electrons and positrons.
2 Because of the beam-beam tune-shift limitations, in an optimized storage ring 

collider the luminosity scales linearly with the beam current and synchrotron radi-
ation power [21].

3 In this letter we will use the same #-functions and emittances for both electron 
and positron beams.

Fig. 1. Luminosities for various options for high-energy e+e! collider. We added the 
luminosity curve for our design to a plot taken from reference [2]. The thick green 
line and green squares show our estimated luminosities for the ERL-based collider 
consuming 30 MW of RF power. The luminosities of e+e! colliders scale propor-
tionally to the consumed RF power: the green arrow shows where ERL luminosity 
curve would be at 10 MW and 100 MW of RF power (10% and 100% percent of that 
proposed for FCC ee).

Fig. 2. Sketch of a possible layout of an ERL-based e+e! collider with linacs sepa-
rated by 1/6th of the 100 km circumference. The inserted graph shows the evolution 
of the beam energy for electrons and positrons in a 4-pass ERL equipped with 
two 33.7 GeV superconducting (SRF) linacs. The number of interaction points and 
corresponding detectors is determined by the physics program. In our scheme the 
luminosity can be shared between detectors: e.g. by timing the beam bunches we 
can collide them in one of the detectors, while avoiding collisions in the others. Us-
ing this scheme, the luminosity can be divided between detectors in any desirable 
ratio. Only beams at the top energy pass through detectors, while the other beam 
lines by-pass the IRs area.

energy of the used beams is recovered by delaying them by 1/2 of 
an RF oscillation period and decelerating them. The electron and 
positron beams are each re-injected into a 2 GeV damping ring, 
where they are cooled to low emittance prior to repeating the trip. 
The small amount of beam lost during the process, for example 
due to scattering from residual gas or burn-off in the collisions, 
can easily be replaced by adding particles from two 2 GeV linear 
injectors.

In the 500 to 600 GeV CM energy range an ERL-based col-
lider also has significant advantages, when compared with ILC-type 
linear colliders, by recovering most of the beam energy and recy-
cling both electron and positron beams. Naturally, a portion of the 
beam’s energy lost in the form of synchrotron radiation cannot be 
recovered. Furthermore, in multi-pass ERL beams radiate energy on 
the way up and down. As a result, beams lose more energy in a 

5x FCC-ee luminosity

Litvinenko, Roser, Chamizo-llatas, PLB 804 (2020) 135394
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Figure 2. Expected relative precision (%) of the ! parameters in the kappa-3 scenario described
in section 2. For details, see tables 4 and 5. For HE-LHC, the S2’ scenario is displayed. For LHeC,
HL-LHC and HE-LHC a constrained !V ! 1 is applied.

between these and the untagged branching fraction (30–50%). The correlations between !b,

!! , !g and !W are mild, with the largest value corresponding once again to !b and !! (74%).

In this case there is also no strong correlation between the untagged branching fraction and

the couplings, with the largest correlation corresponding to !Z (50%), followed by !b (30%).

Again an anti correlation (-20%) is seen for !Z" . For CLIC3000 the situation is markedly

di!erent, with large correlations between !Z and !W (80%), and between the untagged

branching fraction and !Z , !W and !b (90%, 80%, 70% respectively). The correlations

between !b, !Z , !! , !g and !W are not negligible, with the highest corresponding to !b
and !W (70%). In this case, !b and !! are correlated to 45%. These correlations can be

seen graphically in figure 14 in the appendix.

The results of the kappa-3 benchmark scenario are also presented graphically in figure 2.

Note that while hadron colliders and lepton colliders are shown together, the caveat that a

bound on |!V | ! 1 is required for HL-LHC, HE-LHC and LHeC still applies. Parameters

fixed to the Standard Model value are not displayed.

Intrinsic theoretical uncertainties for future lepton colliders are omitted in tables 3, 4

and 5. Their e!ect is discussed in detail in section 3.5.

3.3 E!ective field theory description of Higgs boson couplings

As already discussed, the !-framework provides a convenient first parametrization of new

physics in single Higgs processes. By construction, it is perfectly suitable to spot a devia-

tion from the SM, but it does not provide a systematic description of new physics. As such

it does not permit to correlate di!erent processes nor to describe their energy dependence,

which is certainly a drawback when trying to develop a strategic perspective. When aiming

at a more systematic approach one must distinguish the two cases of light and heavy new

physics. In the first case, there is no simple and systematic description. One must proceed

case by case, perhaps with the aid of simplified models. While we are not aware of any
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Fig. 118: Left panel, leading-order production of Higgs in association with a heavy gauge boson (Z/W )
and subsequent decays. Central panel, additional production channel of Higgs in association with a heavy
gauge boson that becomes relevant for large yc [605]. Right panel, leading-order diagram to search for
non-SM yc in Higgs production in association with a charm-quark [617].

events proposed in Ref. [605] and recently performed on a 36.1 fb�1 sample of ZH data by ATLAS [604]
at
p
s = 13 TeV. The following two key elements for this measurement are discussed below:

i) The experimental sensitivity in discriminating between c-jets from background b- and light-jets.
ii) Disentangling the charm-quark coupling from the bottom-quark Yukawa (breaking the degener-

acy).
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Fig. 119: Correlation of c-tagging efficiency with b- and light-quark-jet rejection in ATLAS’s c-tagger
employed in the analysis of Ref. [604].

Jet flavour tagging algorithms rely on Monte-Carlo simulations to assign a probability for a given
jet to be produced from a specific quark-flavour. Therefore, the efficiency / confidence in associating a
jet to a specific quark is correlated with the confidence to reject other hypotheses, e.g., production from
light-quarks. The c-tagging tagging working point chosen in the ATLAS analysis [604] has an efficiency
of approximately 41% to tag c-jets and rejection factors of roughly 4 and 20 for b- and light-quark-jets,
respectively. In Figure 119 the correlation between c-tagging efficiency and rejection factors is shown.
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it does not permit to correlate di!erent processes nor to describe their energy dependence,
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Fig. 118: Left panel, leading-order production of Higgs in association with a heavy gauge boson (Z/W )
and subsequent decays. Central panel, additional production channel of Higgs in association with a heavy
gauge boson that becomes relevant for large yc [605]. Right panel, leading-order diagram to search for
non-SM yc in Higgs production in association with a charm-quark [617].

events proposed in Ref. [605] and recently performed on a 36.1 fb�1 sample of ZH data by ATLAS [604]
at
p
s = 13 TeV. The following two key elements for this measurement are discussed below:

i) The experimental sensitivity in discriminating between c-jets from background b- and light-jets.
ii) Disentangling the charm-quark coupling from the bottom-quark Yukawa (breaking the degener-

acy).
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Fig. 119: Correlation of c-tagging efficiency with b- and light-quark-jet rejection in ATLAS’s c-tagger
employed in the analysis of Ref. [604].

Jet flavour tagging algorithms rely on Monte-Carlo simulations to assign a probability for a given
jet to be produced from a specific quark-flavour. Therefore, the efficiency / confidence in associating a
jet to a specific quark is correlated with the confidence to reject other hypotheses, e.g., production from
light-quarks. The c-tagging tagging working point chosen in the ATLAS analysis [604] has an efficiency
of approximately 41% to tag c-jets and rejection factors of roughly 4 and 20 for b- and light-quark-jets,
respectively. In Figure 119 the correlation between c-tagging efficiency and rejection factors is shown.
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2 Generation of the lightest fermion (u, d, s; e; and ⌫’s) masses

The SM Higgs boson couples to the fundamental fermions proportionally to their masses
mf , and thus its decays into the actual constituents of the stable visible matter in the Uni-
verse —formed by first generation fermions (uū, dd̄, e±) with light masses O (0.5� 10 MeV)–
have extremely reduced branching ratios and cannot be directly measured at the LHC.
The large and clean Higgs boson samples at FCC-ee will allow the measurements of very
rare exclusive decays into light vector-mesons (VM) plus a photon (H ! ⇢,!,� +�, with
⇢ = (uū � dd̄)/

p
2,! = (uū + dd̄)/

p
2,� = ss̄) that are sensitive to the lightest quarks’

Yukawas. The branching ratios for such processes are O (10�5 � 10�6) [6, 8]. The most
promising one is H ! ⇢(⇡⇡)�, with about 40 counts expected with low backgrounds.
Determining the corresponding sensitivity to the u/d quark Yukawa couplings requires
dedicated studies given that the indirect H ! � �⇤ ! VM+ � decays interfere with the
direct H ! VM + � ones, and dilute the sensitivity to the latter. Of course, all these
channels will be produced much more abundantly at FCC-hh, but the huge QCD (and
pileup) backgrounds jeopardize a possible extraction of the corresponding u,d,s Yukawa
couplings.

Figure 2: Significance contours for the e+e� !H ob-
servation at

p
s = 125 GeV (combining 10 Higgs bo-

son decays) in the
p
s-spread vs. Lint plane at FCC-

ee [9]. The dashed line shows the natural H boson
width.

Measuring the electron Yukawa
is even harder given the e± light-
ness, and the only direct method
to extract it is through resonant
s-channel e+e� production run-
ning at the Higgs pole mass [9].
The resonant cross section for a
125-GeV scalar of natural width
�H = 4.1 MeV is tiny, �(e+e� !
H) = 1.64 fb. The actual
cross section is further reduced
accounting for the finite energy
spread and initial state photon ra-
diation (ISR) of the e± beams.
For a c.m. energy spread com-
mensurate with the �H natural
width (dashed line in Fig. 2),
reachable using monochromatiza-
tion [10], the cross section be-
comes �(e+e�! H) = 290 ab [11].
Under these conditions, a prelimi-
nary study based on counting the
number of events for signal and
backgrounds in 10 di↵erent decay
final-states in e+e� at

p
s = 125.000 ± 0.004 GeV, indicates that a 3� observation re-

quires Lint ⇡ 90 ab�1 (Fig. 2) [9]. For the target Lint = 40 ab�1/yr at 125 GeV, the
significance of the signal is 2.1� which translates into limits on the H ! e+e� branching
ratio at ⇥1.2 the SM expectation or, equivalently, a 95% CL upper bound on ⇥1.1 the
SM prediction for the e± Yukawa [9].

2

D d’Enterria, arXiv:1701.02663

Figure 2: Luminosity including beamstrahlung e�ects in the
S-T plane for a constant transverse emittance ratio.

parameter sets for both cases, corresponding to the same
centre-of-mass energy spread �W ⇡ 6 MeV, are compiled
in Table 1.

Figure 3: Optimal luminosity as a function of � for constant
vertical emittance.

Figure 4: Optimal luminosity as a function of � for a constant
vertical-to-horizontal emittance ratio.

Table 1: Optimized monochromatization parameters for con-
stant vertical emittance (case 1) or emittance ratio (case 2)
at the same c.o.m. energy spread �W ⇡ 6 MeV.

parameter case 1 case 2
Eb [GeV] 62.50 62.50
circumference C [km] 97.76 97.76
Ib [mA] 418 418
nb,opt 15950 8700
Nb,opt [1010] 5.33 9.77
"x,SR [nm] 0.51 0.51
"x,opt [nm] 2.30 1.45
"y,SR [pm] 1.00 1.00
"y,opt [pm] 1.00 2.85
↵c [10�6] 14.80 14.80
�⇤x,opt [m] 0.24 1.25
�⇤y [mm] 1.00 1.00
D

⇤
x,opt [m] 0.1624 0.3712
�x,opt [µm] 119.2 269.5
�y,opt [nm] 31.6 53.4
�z,SR [mm] 1.64 1.64
�z,opt [mm] 1.65 1.65
��,SR [%] 0.0714 0.0714
��,opt [%] 0.0720 0.0717
U0 [GeV] 0.1254 0.1254
Vrf [GV] 2.0 2.0
Qs 0.1002 0.1002
⌧E [ms] 162.5 162.5
Lopt [1035 cm�2s�1] 2.87 1.38
⇠x,opt 0.0033 0.0062
⇠y,opt 0.0518 0.0249
�w,opt [MeV] 6.03 6.00

CONCLUSIONS

Di�erent assumptions on the vertical emittance behavior
can greatly a�ect the estimated luminosity performance for
monochromatized s-channel Higgs production at FCC-ee.
Two updated parameter sets correspond to two di�erent as-
sumptions. At �W ⇡ 6 MeV the maximum luminosity is
2.9 ⇥ 1034 cm�2s�1 for a constant vertical emittance of 1
pm, and 1.4 ⇥ 1034 cm�2s�1 for a constant emittance ratio
"y/"x = 0.2% ("y = 2.85 pm in this specific case). For the
above examples, assuming a constant emittance ratio leads to
roughly two times lower luminosity than a constant vertical
emittance. These results highlight the importance of vertical
emittance correction and precise emittance diagnostics for
this mode of operation.
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Fig. 123: Efficiencies as function of the cut on p|| and for d0 <14 µm to reconstruct the different Higgs
decay channels and W decays as ss̄ event by the described tagger. The left plot shows the CC channel,
the right the CN channel.

�

qq

�

q̄

q̄
h h

Fig. 124: The two contributions to h ! V � with V = ⇢,!,�, J/ ,⌥. Left: the direct amplitude,
proportional to the q-quark Yukawa; Right: indirect amplitude involve the h�� vertex.

7.4 Exclusive Higgs decays99

Exclusive Higgs decays to a vector meson (V ) and a photon, h ! V �, directly probe the Higgs bottom,
charm [620, 619] strange, down and up [607] quark Yukawas, as well as to the flavor violating couplings.
For improved theory predictions see [618]. Within the LHC, the Higgs exclusive decays are the only
direct probe of the u and d Yukawa couplings. If s-tagging will be implemented at the LHC, than the
strange Yukawa will be probed both inclusive and exclusive as charm and bottom. On the experimental
side, both ATLAS and CMS report first upper bounds on h ! J/ � [608, 609], h ! �� and h !
⇢� [715, 611]. The h ! V Z,ZW modes as a probe of the Higgs electroweak coupling are discussed
in [723]. Finally, Z exclusive decays are considered in [724, 725] and can be served as a test of QCD
factorisation.

The Higgs exclusive decays which involve V = ⇢,!,�, J/ ,⌥ are sensitive to the diagonal
Yukawa couplings. These receive contributions from two amplitudes which are denoted as direct and
indirect, see Fig. 124. The direct amplitude, first analysed in [726], involves a hard h ! qq̄� vertex and
sensitive to the q-quark Yukawa. The indirect process is mediated by h�� vertex which is followed by a
�⇤ ! V fragmentation. Since the indirect contribution is larger than the direct, the largest sensitivity to
the Higgs q-quark coupling is via the interference between the two diagrams.

99 Contact: Y. Soreq
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Figure 7: Predictions for the h ! !" and h ! #" branching ratios, normalized to
the h ! "" branching fraction, as functions of $̄!0 " (2$̄u + $̄d)/3 and $̄" " $̄s,
respectively, normalized to $e!## . The SM values are indicated by the red arrows.

assumptions that ¯̃$" = 0 and ¯̃$c = 0. The situation is di!erent for the h ! "(nS) " decay
modes, for which there is a strong cancellation between the direct and indirect contributions.
The direct contributions are no longer a small correction, and hence the quadratic terms in $b
and $̃b are important. The dashed white circle in the third plot indicates the current upper
bound on the combination

%b# #
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+
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"

2

. (46)

To an excellent approximation, %2b# measures the deviation of the ratio Br(h ! bb̄)/Br(h ! "")
from its SM value. The Higgs bosons must be produced via the same production mechanism
in both cases, so that possible new-physics e!ects in Higgs production cancel out. Since
the h ! bb̄ mode is measured at the LHC in the rare V h and tt̄h associated-production
channels, at present no accurate direct measurements of %b# are available. However, from
the model-independent global analyses of Higgs couplings performed by ATLAS and CMS, in
which all couplings to SM particles (including the e!ective couplings to photons and gluons)
are rescaled by corresponding $i parameters and also invisible Higgs decays are allowed, one
obtains %b# = 0.63±0.27 for CMS (see Figure 17 in [3]) and %b# = 0.67±0.32 for ATLAS (see
Table 9 in [4]). At 95% CL this (roughly) implies %b# < 1.3. Within this allowed region, the
h ! "(1S) branching ratio varies by more than two orders of magnitude and can take values
as large as 1.3 · 10!6. This might be accessible in the high-luminosity run of the LHC. If the
"(1S) meson is reconstructed via its decays into muon or electron pairs, one could then hope
for a sample of about 20 events with 3 ab!1 combining the ATLAS and CMS data sets.

In order to better assess the theoretical uncertainties in our predictions, we now study
the projections of the results onto the axis where the CP-odd couplings vanish. For the light
mesons (V = !0,&,#), setting ¯̃$V = 0 has basically no impact on the branching ratios. In
Figure 7 we show the ratio of branching fractions defined in (37) as a function of the CP-even
couplings $̄V for h ! !0" and h ! #". The width of the bands indicates the theoretical

21

SM:  BR = 1.7 × 10-5


 10% measurement: 𝝹u,d < 1000 

H → ργ

ATLAS:  BR < 8.8 × 10-4H → ργ
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Figure 1. Leading order W+h (left column) and W!h (right column) production diagrams, show-
ing the Higgsstrahlung process (top row) and Yukawa-mediated contributions (bottom two rows).

in the conclusions about simultaneous deviations in multiple Yukawa couplings. For con-

venience, we also use the !̄f normalization, which rescales !f into units of ySMb evaluated

at µ = 125GeV:

!̄f !
mf (µ = 125 GeV)

mb(µ = 125 GeV)
!f . (3.1)

In figure 2, we show the inclusive charge asymmetry

A =
"(W+h)" "(W!h)

"(W+h) + "(W!h)
, (3.2)

for the 14TeV LHC as a function of !̄f for individually enhanced Yukawa couplings,

f = d, u, s, and c. These results were generated using MadGraph v2.4.3 [31] where the

Yukawa couplings were implemented via a FeynRules [32] model implementing automatic

next-to-leading order (NLO) quantum chromodynamics (QCD) corrections at 1-loop from

NLOCT v1.0 [33] interfaced with the NNPDF2.3 NLO [34] PDF set. Yukawa couplings

were renormalized using the boundary values from the Particle Data Group [35] and run to

the Higgs mass with RunDec [36]. The boundary values are md = 4.8MeV, mu = 2.3MeV,

ms = 0.95GeV at µ = 2GeV, and mc = 1.275GeV at µ = mc. We used a two-step proce-

dure in the renormalization group running to account for the change in the #s behavior at

b-mass scale, mb = 4.18GeV at µ = mb. The extracted SM quark masses at µ = 125GeV

are md = 2.73MeV, mu = 1.31MeV, ms = 54MeV, mc = 634MeV, and mb = 2.79GeV,

which are used in eq. (3.1) to rescale !f to !̄f . The Higgs coupling to W bosons was fixed

to the SM value for this scan.

While QCD theory uncertainties are formally expected to cancel out in a charge asym-

metry, since QCD interactions respect charge conservation, the factorization of the W±h

– 5 –
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Figure 2. Inclusive charge asymmetry A = (!(W+h) ! !(W!h))/(!(W+h) + !(W!h)) at NLO
QCD for the

"
s = 14TeV LHC as a function of individual Yukawa rescaling factors "̄f for f = u

(red), d (green), s (blue), and c (purple). Shaded bands correspond to scale uncertainties at
1! from individual !(W+h) and !(W!h) production, which are conservatively taken to be fully
uncorrelated. The gray region shows the bound from the direct Higgs width measurement, !H <
1.7GeV [4], which excludes "̄f > 25 for each light quark flavor and is discussed in section 5. The
expected statistical error from this measurement using 3 ab!1 of LHC data is also shown.

partonic hard process from the parent protons spoils this expectation and hence scale and

PDF uncertainties will not generally cancel. We show the 1! scale uncertainty for the whole

range of "̄f in figure 2 as a shaded band. We also evaluated the PDF uncertainty using a

leading order calculation interfaced with the leading order NNPDF2.3 and CTEQ6L [37]

PDF sets. The two PDF sets leads to a # 1% disagreement in the asymptotic values of

the charge asymmetry for very large individual "f .

We remark that the statistical precision on the exclusive charge asymmetry, which we

propose to measure in section 4, is expected to be at the subpercent level, which we expect

will improve the overall status of PDF determinations at the LHC [38], regardless of the

sensitivity to light quark Yukawa couplings. Moreover, W±h measurements complement

W±Z and W±+ jets measurements, and improved measurements of the charge asymmetry

in these separate channels will confirm or refute whether W±h production is dominated

by the light quarks as expected in the SM.

Measuring the asymmetry at the collider requires tagging the leptonic decay of the

W boson and using a Higgs decay final state that simultaneously tempers the background

and retains su"cient statistics to enable subpercent level accuracy. In this vein, very clean

Higgs decays, such as h $ ZZ! $ 4# or h $ $$ are inadequate for this purpose because

– 6 –
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Figure 7. The NLO cross section for the qqA process for di!erent scalings of the quark Yukawa
couplings. The solid black line shows the NNLO ggF process width rescaled charm Yukawa coupling,
whose e!ect though is unrecognisable in the plot.

and therefore a significantly larger cross section as for the ggF process. In figure 7 we

compare the ggF process (black line) for rescaled charm coupling to the Higgs boson(s)

with the qqA process for di!erent scalings of the light quark Yukawa couplings (di!erent

coloured, dashed, dotted solid and dashed dotted lines). We find that for su"ciently large

scaling of the Yukawa couplings still allowed by current data, qqA can be even the dominant

di-Higgs production channel. Note that in the figure we scale the Yukawa couplings for the

di!erent quark mass eigenstates di!erently. For the up and down quark Yukawa coupling

the scaling is the same, hence the e!ect from rescaling the down Yukawa coupling is larger

even though the up quark is more abundant in the proton. The plot shows nicely for which

values of the coupling modifications the qqA process surpasses ggF.

We would also like to give a qualitative argument for the dominance of qqA for large

!q. The dominant term for the qqA comes from the hhqq vertex diagram, such that the

qqA cross section behaves for large values of ! as (assuming that "qqASM ! 0)

("qqA " "qqASM ) ! g2hhqq ! v!4m2
q !

2
q . (3.16)

The ggF cross section instead gets contributions from light quark loops from the diagram in

figure 3 interfering with top quark loops in the triangle SM diagram, leading to a scaling of

("ggF " "ggFSM ) ! !q
m2

q

v2M2
hh

ln2
!
Mhh

mq

"
. (3.17)
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Figure 5. Feynman diagrams for the qqA Higgs pair production.

process in the presence of enhanced light Yukawa couplings is quite small. The reason is

that the box contribution which is the major part of the cross section has two fermion

coupling insertions and hence is strongly suppressed for all the light quarks with respect

to the top quark loop diagrams. The bottom quark contribution to the ggF process in

the SM is less than 1% and comes mainly from the triangle diagram, so adding several

contributions from similar size does not change the cross section by much. Also the new

diagrams (cf. figure 3) are suppressed compared to the box diagrams of the top quark. In

the presence of enhanced light quark Yukawa couplings the Higgs boson pair can though

be directly produced by quark annihilation. We turn to discuss this process in the next

part. In the meanwhile we can conclude that for the ggF process we can improve on

the LO predictions by using SM K-factors and that the e!ects of light Yukawa coupling

modifications for the ggF process are small for the still allowed modifications.

3.2 Higgs pair production via quark anti-quark annihilation

If the Yukawa couplings of the light quark generations are su"ciently increased, the Higgs

bosons will be produced directly from the constituents of the proton with a sizeable rate.

The quark anti-quark annihilation (qqA) process becomes then relevant for Higgs pair

production. The qqA process has four Feynman diagrams shown in the figure 5.

The di!erential cross section given by

d!̂qiqj
dt̂

=
1

16"

1

12ŝ

! """"2ghhqiqj +
ghhh ghqiqj

ŝ!m2
h ! imh#h

""""
2

+O(g4hqiqj )

#
. (3.4)

We neglect here the t̂ and û channel diagrams, as their contribution is " 0.1% of the

total cross section, as they are suppressed by g4hqiqj and only interfere with each other.

The hadronic cross section is then obtained by

!hadronic =

$ 1

!0

d#

$ t̂+

t̂!

dt̂
%

i,j

dLqiqj

d#

d!̂qiqj
dt̂

, (3.5)

with #0 = 4m2
h/s, ŝ = #s and

t̂± = m2
h !

ŝ(1# $)

2
and $ =

&

1!
4m2

h

ŝ
. (3.6)
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Figure 13. The expected sensitivity likelihood contours at 68% and 95% CL of the HL-LHC for
the first generation Yukawa coupling scalings.

strength modifier µ/µSM (cf. figure 10). Before turning to a di!erent final state though,

we will reanalyse the bb!! final state under the point of view of a non-linear e!ective field

theory, hence leaving the couplings ghqq and ghhqq independent.

4.4.1 Results for non-linear EFT

We will consider in this part a non-linear EFT as introduced in eq. (2.13). By expanding

in the chiral modes, taking the 0th mode and the flavour diagonal terms, we get

! L = qL
mq

v

!
v + cqh+

cqq
v
h2 + . . .

"
qR + h.c, (4.16)

where we rescaled the coe"cients kq and k2q of eq. (2.13) as kq,ii =
"
2cqmq/v and k2q,ii ="

2cqqmq/v2. Unlike the linear EFT, the Wilson coe"cients cq and cqq are independent of

each other leading to the coupling constants

ghqiqi = cqg
SM
hqiqi

, ghhqiqi =
cqqgSMhqiqi

v
. (4.17)

We can observe that compared to the couplings in SMEFT (see eq. (2.8)) the interaction

hhqq becomes independent of the Yukawa coupling hqq, with the first contributing to the

contact interaction diagram and the latter to the ŝ channel Higgs exchange diagram and

the t̂ and û channel diagrams as shown in figure 5. As we found already for SMEFT, the

ggF process depends only very little on the modifications of the light quark coupling to

the Higgs boson, hence barely changes for the considered values of the coe"cients cq and
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Sensitivity to high-scale physics
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Figure 6. Global fit to the EFT operators in the Lagrangian (3.19). We show the marginalized
68% probability reach for each Wilson coe!cient ci/"2 in eq. (3.19) from the global fit (solid bars).
The reach of the vertical “T” lines indicate the results assuming only the corresponding operator
is generated by the new physics. The HE-LHC results correspond to the S!2 assumptions for the
theory systematic uncertainties in Higgs processes [13].

We focus the comparison, again, on the full physics program at each future collider project

(solid regions), but also show the region delimited by the low energy runs, or the FCC-ee for

the case of the FCC project (the boundaries are indicated by the dashed lines). In the right

panel of that figure we also show, for illustration purposes, the individual constraints set by

several of the operators in (3.19) for the FCC fit. The modifications of the on-shell Higgs

properties discussed in this report are mainly controlled, within the SILH assumptions,

by the contributions to the operators O! and Oyf , both of which set similar constraints

in the global fit for this collider. These give the leading constraints in strongly coupled

scenarios. Electroweak precision measurements, on the other hand, are more a#ected by a

combination of OW,B and set bounds independently of the new physics coupling. Finally,

some of the high-energy probes included in the analysis provide the most e!cient way of

testing weakly coupled scenarios.

3.5 Impact of Standard Model theory uncertainties in Higgs calculations

As important as it is to have very precise experimental measurements of the di#erent Higgs

processes, it is also fundamental from the point of view of their physical interpretation to
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Fig. 12.1. A typical potential with a false vacuum.

To go from the false vacuum through a series of spatially homogeneous configura-
tions would require traversing an infinite potential energy barrier. The tunneling
amplitude for this vanishes. Instead, the false vacuum decays by a tunneling pro-
cess that takes a spatially homogeneous state to one with a region of approximate
true vacuum—a bubble—embedded in a false vacuum background. Because the
bubble can be nucleated anywhere, the decay rate is proportional to the volume
of space, and thus formally infinite. The finite physically measurable quantity
that we need is the bubble nucleation rate per unit volume, !/V.

One can envision many paths through the space of field configurations that
connect the pure false vacuum to a configuration with a bubble. Two of these are
illustrated in Fig. 12.2. Each path specifies a series of field configurations that
define a slice through the potential energy barrier. A plot of U [!(x)] along the
path would be similar to the one-dimensional potential energy barrier shown in
Fig. 9.3. The end point of the path, corresponding to the field configuration at
the time that the bubble nucleates, has the same potential energy as the initial,
pure false vacuum, configuration; quantum tunneling conserves energy.

As described in Chap. 9, the tunneling amplitude is dominated by the path
that minimizes the barrier penetration integral B. This path can be found by
finding the bounce solution to the Euclidean equation of motion [226], which in
the present case is the field equation

0 =
d2!

d"2
+ !2!! dV

d!
(12.3)

that follows from the Euclidean action1

1 Because almost all actions in this chapter will be Euclidean, I will generally omit an explicit
subscript E on the action.

false
true
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CP violation in HVV & HGG couplings

ΔΦjj = ϕη>0 − ϕη<0

378 F.U. Bernlochner et al. / Physics Letters B 790 (2019) 372–379

Fig. 5. Dependence of the 2D constraints for CP-odd Higgs boson interactions on the integrated luminosity of the available dataset, without (panels (a) and (c)) and with 
(panels (b) and (d)) marginalisation over other CP-odd coe!cients. All proposed measurements are included. The results are obtained using pseudo-data, and inner and outer 
shaded regions for each luminosity scenario represent the 68.3% and 95.5% CI, respectively.

coe!cients will be constrained to unity or better for new-physics 
scales of 1 TeV.
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top mass for the tt̄ processes. Only a small tail is left above mt for the tt̄jj process. This
characteristic remains after the selection cuts. Since the contribution from top backgrounds
is so di!erent for mjl

<! 150 GeV and mjl
>! 150 GeV, it might be useful to perform separate

cut optimizations for the two regions.

4 Azimuthal angle correlations

In order to determine the tensor structure of the e!ective Hgg coupling, the distributions
of the two tagging jets are an important tool. The distribution d!/d|"#jj| of the azimuthal
angle between the two tagging jets provides for an excellent distinction between the two
tensor structures of Eq. (3) [6]. Unfortunately, when both CP-even and CP-odd couplings
of similar strength are present, the tensor structure cannot be unambiguously determined
anymore. The missing information is contained in the sign of the azimuthal angle between the
tagging jets [11]. Naively one might assume that this sign cannot be defined unambiguously
in pp collisions because an azimuthal angle switches sign when viewed along the opposite
beam direction. However, in doing so, the “toward” and the “away” tagging jets also switch
place, i.e. one should take into account the correlation of the tagging jets with the two
distinct beam directions. Defining "#jj as the azimuthal angle of the “away” jet minus the
azimuthal angle of the “toward” jet, a switch of the two beam directions leaves the sign of
"#jj intact. To be precise, let us define the normalized four-momenta of the two proton
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Figure 8: Normalized distributions of the jet-jet azimuthal angle di!erence as defined in
Eq. (18). The curves are for the SM CP-even case (a3 = 0), a pure CP-odd (a2 = 0) and a
CP-mixed case (a2 = a3 "= 0). The cuts of Eq. (9) and (21) were applied.
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CP violation in Hzz couplings

Ruling out the dangerous terms:

If we see                  or                  then 1- (in fact any odd spin) is ruled out 
generally by Yang’s theorem

Alternatively use angular correlations of the leptons

378 F.U. Bernlochner et al. / Physics Letters B 790 (2019) 372–379

Fig. 5. Dependence of the 2D constraints for CP-odd Higgs boson interactions on the integrated luminosity of the available dataset, without (panels (a) and (c)) and with 
(panels (b) and (d)) marginalisation over other CP-odd coe!cients. All proposed measurements are included. The results are obtained using pseudo-data, and inner and outer 
shaded regions for each luminosity scenario represent the 68.3% and 95.5% CI, respectively.

coe!cients will be constrained to unity or better for new-physics 
scales of 1 TeV.
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Fig. 3. (a) Individual constraints on the coe!cients of the leading CP-violating operators affecting gluon fusion (O HG̃ ) and vector-boson fusion (O H W̃ ). The blind direction re-
sulting from inclusive !" j j measurements is resolved through the use of VBF-enhanced and VBF-suppressed kinematic regions. (b) Individual constraints on two CP-violating 
interactions affecting vector-boson fusion (O H W̃ and O H B̃ ). The results are obtained using pseudo-data, and the inner and outer shaded regions represent the 68.3% and 
95.5% CI, respectively.

data, since the measurements are dominated by either signal or 
background statistical uncertainties. A two-bin signed !" j j distri-
bution is constructed in VBF-enhanced and VBF-suppressed regions 
in the h ! # # channel, using the published differential cross sec-
tions and SM expectations for the Njet " 2 and VBF-enhanced phase 
spaces from [25].

The results of the global analysis of the pseudo-data are shown 
in Fig. 3(a) when constraining the O HG̃ and O H W̃ operator coef-
ficients, with all other Wilson coe!cients set to zero. It is clear 
that these operators can be distinguished by appropriate measure-
ments of signed-!" j j in VBF-enhanced and VBF-suppressed phase 
spaces, and the constraints are further improved with the addition 
of the $ decay-angle observable in events with Njet < 2. Further-
more, the addition of the $ variable allows the extraction of the 
O H B̃ or O H W̃ B coe!cient. Fig. 3(b) shows the constraints on the 
O H B̃ coe!cients using the decay angle information alone, and the 
improvement in the 2D plane when the signed !" j j information 
is added.

The combination of all CP-sensitive observables is important 
when constraining all operators simultaneously. To demonstrate 
this we recalculate the 2D constraints after marginalising over the 
other CP-odd operators. The marginalisation is subject to a pertur-
bativity constraint such that

!

i

|% i
BSM#SM|/%SM < 0.5, (9)

where % i
BSM#SM is the cross section of the interference term in 

bin i of the observable.4 This requirement ensures that potential 
(ci/&

2)2 contributions to the interference term 2Re
"
M'

SMMd6
#
, 

which include diagrams with two dimension-6 vertices, will be 
smaller than the leading term ci/&

2 that we consider in our anal-
ysis. With the current data the marginalisation over parameters 
within the perturbativity constraint does not have a significant ef-
fect, as shown in the top plots of Fig. 4. If we drop this constraint 
the blind directions are clear (bottom row of Fig. 4), showing that 
as the measurements improve the combination of observables will 
become more important.

4 The modulus is taken to avoid cancellation that would otherwise result from 
summing across all bins of the measured observable.

Table 3
Expected 1D constraints on Wilson coe!cients for each EFT operator, in units 
of TeV$2, after marginalising over all other coe!cients.

Coe!cient [TeV$2] 36.1 fb$1 300 fb$1 3000 fb$1

cHG̃/&2 [$0.19,0.19] [$0.067,0.067] [$0.021,0.021]
cH W̃ /&2 [$11,11] [$3.8,3.8] [$1.2,1.2]
cH B̃/&2 [$5.9,5.9] [$2.1,2.1] [$0.65,0.65]
cH W̃ B/&2 [$14,14] [$4.9,4.9] [$1.5,1.5]

Table 4
Expected sum of the moduli of the positive and negative interference 
contributions from CP-odd operators relative to the SM cross-section, 
see Eq. (9), allowed by the constraints in Table 3 at a given luminosity.

Coe!cient [TeV$2] Allowed magnitude of CP-odd contribution

300 fb$1 3000 fb$1

cHG̃/&2 33% 10%
cH W̃ /&2 47% 15%
cH B̃/&2 8% 2%
cH W̃ B/&2 25% 8%

Although the blind directions can be lifted with the current 
dataset, the obtained constraints on CP-odd operators that affect 
the Higgs boson coupling to weak bosons are relatively weak 
(ci/&

2 > 1 TeV$2). This will be improved by increasing the inte-
grated luminosity to increase the precision of these measurements. 
In Fig. 5 and Table 3 we present the expected 1D and 2D con-
straints with larger datasets of 300/fb (corresponding to the end 
of LHC Run-3) and 3000/fb (corresponding to the end of HL-LHC), 
for the full combination of differential measurements we con-
sider. Since the uncertainties are dominantly statistical, a simple 
extrapolation should be accurate up to the highest expected lumi-
nosities. For the HL-LHC the results improve dramatically and the 
constrained values of ci/&

2 approach unity. To demonstrate the 
perturbative validity of the expected constraints, the magnitude of 
the interference contribution to the most sensitive distribution, rel-
ative to the SM contribution, is estimated using the left-hand side 
of Eq. (9) and summarised in Table 4 for datasets of 300/fb and 
3000/fb.

It is worth noting that the Run-3 and HL-LHC constraints pre-
sented above are simple extrapolations of current ATLAS results 
(and those that are already possible) to higher luminosities, and 
a number of other measurements can in principle be made that 
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Fig. 1. Constraints on the coe!cients of two CP-odd operators from data when set-
ting all other Wilson coe!cients to zero. Contours are presented when using only 
the signed !" j j distribution. Inner and outer shaded regions represent the 68.3% 
and 95.5% CI, respectively.

Table 2
Summary of the fit quality for all one-dimensional 
and two-dimensional fits of Wilson coe!cients to ex-
isting measurements. The #2 values are calculated 
from the maximised likelihood shown in Eq. 4. The 
corresponding SM hypotheses have #2

SM/ndf = 5.5/6
and #2

SM/ndf = 8.2/10 for fits to the !" j j data only 
and to the combined !" j j and jet multiplicity (Njets) 
data, respectively.

Coe!cient(s) Variable(s) #2 / ndf

cHG̃/$2 !" j j 3.5 / 5
cH W̃ /$2 !" j j 3.6 / 5
cH B̃/$2 !" j j 5.5 / 5
cH W̃ B/$2 !" j j 3.9 / 5
cH W̃ /$2 : cHG̃/$2 !" j j 3.3 / 4
cH W̃ B/$2 : cH W̃ /$2 !" j j 3.5 / 4
cH W /$2 : cHG/$2 !" j j , Njets 7.6 / 8
cH W /$2 : cH B/$2 !" j j , Njets 6.5 / 8

dictions for both the SM and EFT hypotheses in all the fits, as 
demonstrated by the #2 values shown in Table 2.

In contrast to the CP-odd operators, the net effect of the inter-
ference between MSM and Md6 is non-zero for CP-even operators, 
so rate and kinematic information can be used to significantly con-
strain the corresponding Wilson coe!cients. Fig. 2 (top) shows 
that the O HG operator can be untangled easily from O H W , because 
operators affecting gluon fusion production have the same impact 
in both decay channels, whereas operators affecting the Higgs in-
teraction with weak bosons are most tightly constrained by the 
h ! % % branching ratio. Blind directions still exist, however, when 
constraining two operators that affect the h ! % % branching ra-
tio, as shown in Fig. 2 (bottom). In a global analysis with other 
Higgs-boson measurements, all of these operators will be more 
tightly constrained [22,72]. We emphasise that the ability to con-
strain the CP-odd couplings using CP-sensitive observables will not 
be affected by blind directions in the CP-even coupling space.

5. Enhancing the sensitivity to CP-violation in the Higgs sector

The results of the fit to existing data raise the question of 
how we can improve sensitivity to CP-odd effects through tar-
geted measurements. In particular, the current ATLAS !" j j mea-
surements do not distinguish between CP-violating interactions in 
gluon fusion and vector-boson fusion production of the h + 2 jet
final state. This degeneracy can be trivially removed by separat-
ing the measurement into regions that enhance either gluon fusion 

Fig. 2. Constraints on the CP-even operators from !" j j measurements only, and 
from a combination of the !" j j and jet-multiplicity measurements. The best-fit 
points are shown within the contours. Inner and outer shaded regions represent 
the 68.3% and 95.5% CI, respectively.

or vector-boson fusion. ATLAS have constrained CP-odd operators 
that impact vector-boson fusion in a VBF-enhanced phase space in 
the h ! && decay channel [73]. However, CP-odd operators that 
impact gluon fusion were not considered and the CP-sensitive ob-
servables were not presented in a well-defined fiducial region. We 
are therefore not able to include the results in our combination.

It is also important to address the lack of sensitivity to the O H B̃
and O H W̃ B operators. These operators can be probed through the 
study of angular production and decay observables in Higgs boson 
production processes [74–85]. For the h ! Z Z" ! '+'#'$+'$# sys-
tem, an angle that is particularly sensitive to CP is the ( variable 
[85] defined through

cos( = (p'# % p'+) · (p'$# % p'$+)
!

(p'# % p'+)2 (p'$# % p'$+)2

""""
h
, (8)

calculated in the Higgs boson centre-of-mass frame. This observ-
able could already be measured with existing data. Decay an-
gles have been used by both ATLAS and CMS to search for CP-
violation in the h ! Z Z" ! 4' and h ! W W " ! ')') decay 
channels [86,87]. However, in these searches, the detector-level 
data were analysed using either boosted decision trees or matrix-
element-based likelihood analyses and the results cannot be inter-
preted in terms of the CP-odd operators we consider. The results 
are consistent with zero CP-asymmetry.

The impact that additional measurements could have in a global 
analysis is studied using pseudo-data assuming 36/fb of integrated 
luminosity at 

&
s = 13 TeV. In both the h ! Z Z" ! 4' and h !

% % decay channels, the pseudo-data are constructed for the signed 
!" j j using the SM expectation and the measured uncertainties in 



CP violation in HVV couplings
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Figure 7. Comparison of the sensitivity of di↵erent channels and observables at the LHC with 100 fb�1. In
the top panel we show the eigenvalues of the various Fisher information matrices. The colors denote the
decomposition of the corresponding eigenvectors: the length of each segment is proportional to the magnitude
of the eigenvector component. In the bottom panel we show the Fisher information on the CP -violating
Wilson coe�cient f

WfW . The grey bars show the sensitivity assuming that all other considered operators are
zero, while the red bars profile over arbitrary values of all of the CP -even parameters (including absorptive
parts). In both panels, the right axes translate the Fisher information into the corresponding new physics
reach.

as an ingredient to a global analysis, for example a dimension-six e↵ective field theory containing
both CP -conserving and CP -violating operators.

We have examined CP -sensitive observables in WBF Higgs production, ZH production, and
Higgs decays into four leptons. While the underlying hard processes, and hence the sensitivity to
the CP properties of the Higgs-gauge sector, are essentially identical for the three processes, the
di↵erent initial and final state assignments define distinct signatures:

1. For WBF the initial state is not a CP eigenstate and one cannot measure the charges of
initial-state or final-state quarks. In this situation we can use the naive time reversal to test
the underlying CP properties, but only under the assumption of no re-scattering e↵ects. On
the other hand, the momentum flow through the Higgs vertex can be large.
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FIG. 10: Constraints for 95% confidence level on c̃g and c̃t

from di↵erent data sets at 100 TeV in scenario 2. Orange:
only low-pT,h in hjj, blue: combination of low pT,h and high
pT,h events in hjj, green: constraint from the tt̄h sample only,
red: combination of all samples. The bounds were obtained
using only the asymmetry observables defined in Eq. (20).

measurements become under increasing statistical con-
trol which will allow us to sharpen the exclusion. As
can be seen in Fig. 9, the constraints from the linearised
approach approximates quadratic exclusion. This shows
that the quadratic contributions are considerably less rel-
evant than we find for the LHC. This way the constraints
at a 27 TeV HE-LHC will not only surpass the LHC, but
will be more robust as well5. As Fig. 9 shows this is fur-
ther strengthened at a 100 TeV machine, where the con-
straints for scenario 2 lie within the perturbative bounds
given in Eq. (16). Even in scenario 1 the bounds from lin-
ear terms are very close to those where quadratic terms
are included. Hence, we can probe Wilson coe�cients in
generic CP violating dimension six extensions in a per-
turbatively robust way, given our assumptions.

As a final remark we would like to point out that
the bounds in Fig. 9 are obtained using the full ��``

and ��jj distributions. For completeness, we show con-
straints on c̃g and c̃t obtained from the asymmetry ÃX

for a 100 TeV collider in scenario 2 in Fig. 10, which
would be una↵ected by CP-even contributions. As ex-
pected, we obtain constraints that are very similar to the
ones obtained using the full ��X distributions.

5
We note that including additional channels and taking results from

CMS into account even the constraints at a 13TeV High-Luminosity

LHC could approach the perturbative limit. However, we do not

quantify this statement here.

IV. CONCLUSIONS

The interactions of the Higgs boson with the heaviest
quarks in the SM are motivated sources of CP violation.
Analyses of top quark-related interactions that do not
rely on particular Higgs final states and, consequently,
are free of assumptions on the Higgs decay couplings are
largely limited to the dominant top-related Higgs pro-
duction processes, tt̄h and hjj.6 Controlling competing
e↵ects from gluon-Higgs contact interactions that might
arise from additional heavy fermions are crucial in this
context. The small statistics which is expected in the
tt̄h channel with clean leptonic final states that enables
a clean definition of sensitive observables based on the
signed �`` limits the expected sensitivity as well as pos-
sibility to lift blind directions in the gluon-fusion related
channels.

Furthermore, and quite di↵erent from (C)P-even de-
formations of the SM, power-counting arguments for
the e↵ective interactions have a direct phenomenologi-
cal consequence. While fully binned distributions pro-
vide a sensitive probe under all considerations of our
work, for small CP-violating phases where we would
expect SM interference-driven contributions to play a
significant role in the limit setting, the decoupling of
rate information seriously impacts the overall sensitiv-
ity of CP-analyses at the LHC. This is only partially
mended at the high-energy LHC with 27 TeV as energy
thresholds and expected statistics do not lead to a big
enough improvement. While the precise specifications
of a 100 TeV hadron collider are currently debated, the
expected statistical improvement at such a machine lo-
cates the expected limit in a parameter region where the
interference-driven interpretation starts saturating the
EFT limit, i.e. power-counting assumptions do not im-
pact the constraint quantitatively. The latter point is
also supported by estimates of the EFT-related parame-
ter validity ranges that are accessed through Monte Carlo
simulations.

In summary we can state two main conclusions of our
analysis. First, CP violating e↵ects in the top-Higgs sec-
tor can be extracted in a perturbatively robust way when
measurements with high statistics are available. This
can be realized by increased production cross sections at
larger center-of-mass energies and increased integrated
luminosities. We observe that for example at a 100 TeV
collider c̃g and c̃t are constrained to a parameter region
where quadratic dimension six contributions are consid-
erably reduced resulting in perturbatively robust exclu-
sion limits. This leaves the linear contribution as the
dominant e↵ect from dimension six operators. Second,
since we consider CP-odd operators the linear contribu-
tion is indeed CP-odd while the quadratic contribution is

6
In generic EFT deformations of the SM, there are di↵erent a priori

sources of (C)P violation that we do not consider here.

8

-6 -4 -2 0 2 4 6
c̃g

-6

-4

-2

0

2

4

6

c̃ t

p
s=13TeV, L=3000/fb, Ã
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FIG. 6: Constraints for 95% confidence level on c̃g and c̃t

from di↵erent data sets at 13 TeV using binned asymmetries
(Eq. 20). Orange: only low-pT,h in hjj, blue: combination
of low pT,h and high pT,h events in hjj, green: constraint
from the tt̄h sample only, red: combination of all samples. In
this plot only the contributions from SM and interference are
taken into account.

FIG. 7: Same as Fig. 4 but here the quadratic contributions
are included as well.

i.e. CP-even contributions, AX = 0. However, these
asymmetries provide weaker constraints on c̃g and c̃t than
the full distributions as can be seen in Fig. 5. To recover
the sensitivity of the full distributions, we propose the
use of binned asymmetries defined as follows:

ÃX =

PN/2
i=1 |�i(��X) � �N�i+1(��X)|

�
, (20)

where X = jj, ``, �i(��X) is the ith bin in the ��X

distribution and N the number of bins. This definition
assumes that ��X < 0 for all bins 1  i  N/2 and
��X > 0 for all bins N/2 + 1  i  N and that the bin-

FIG. 8: Comparison between the 95% confidence level con-
straints on c̃g and c̃t obtain from linear dimension six con-
tributions vs. linear and quadratic contributions at the LHC
with

p
s = 13 TeV and L = 3000/fb. The red ellipse shows the

constraints for the linear and quadratic contributions when
only the shape is used by normalizing the distributions to the
SM cross section.

ning is symmetric with respect to ��X = 0. We show
constraints on c̃g and c̃t obtained from ÃX in Fig. 6,
where we obtain constrains which are very similar to the
ones obtained using the full ��X distributions. This
means we can reliably construct observables that are un-
a↵ected by CP-even contributions but retain the best
possible sensitivity to the CP-odd contributions.

A direct comparison between linear and quadratic con-
tributions should be performed using the same analysis
strategy for these two contributions. Since asymmetries
are not suitable to study the quadratic contributions we
use the full binned ��jj and ��`` distributions in our
analysis for linear and quadratic contributions. Includ-
ing the quadratic dimension six contributions results in
constraints shown in Fig. 74. These constraints are much
tighter than those obtained from the analysis in the linear
case. Fig. 8 directly compares the limits obtained from
the linear approximation and from the analysis which in-
cludes the quadratic contributions. This supports the
previous point, highlighting that the quadratic contribu-
tions are significant which results from the fact that they
contribute to the total cross section in contrast to the
linear contributions. This is also illustrated in Fig. 8
by comparing to bounds that are obtained from only
the shape of the distributions discarding the informa-

4
The stronger dependence of the tt̄h sample on c̃g with respect to

the linear case is a result of the c̃g and c̃t dependent branching

ratio (see appendix) for h ! bb̄. In the linear case the branching

ratio retains the SM value since the linear CP-odd contributions

vanish for this CP-even quantity.
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CP violation in bbh couplings
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the higgs potential
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Figure 4. E↵ective potentials at T = 0 (left) and T = Tc (right). We show all modified Higgs potentials
from Eq.(11) with ⇤ = 2 TeV. The values of the coe�cients at the UV scale ⇤ are fixed by the requirement
�c ⇡ Tc, leading to �6 = 1.2, �6 = 1 with �8 = 1.4, �ln,4 = 0.89, �ln,2 = 0.27, �exp,4 = 23.3, and
�exp,6 = 27.5.

�c/Tc is the same for all our potentials. At higher field values the di↵erent UV modifications lead
to distinct field-dependence of the potential. The sizable impact of the modified microscopic action
on the IR potential is due to the finite UV scale ⇤ = 2 TeV. This is not su�ciently far above the
electroweak scale for the contributions �V to be washed out by the RG flow.

At finite temperature, we see in the right panel of Fig. 4 that the potentials show significant
deviations and the six di↵erent modifications fall into three distinct forms of the IR potential at Tc.
The Standard Model is not displayed, since it exhibits a second-order phase transition with �c = 0.
The other potentials show di↵erent sizes of the bump that separates the minima at � = 0 and
� = �c. The exponential modifications show the smallest bump, while logarithmic modifications
show the largest bump. The third class is given by the polynomial UV potentials, which fall in
between the two other classes.

It is worth noting that the resulting IR modifications almost coincide within each class of UV
potentials, i.e. , the polynomial, logarithmic, and exponential class. Although there are manifestly
di↵erent UV modifications within each class, like for instance �4 exp(�1/�2) vs �6 exp(�1/�2), the
resulting IR behavior appears to be dominated by the exponential dependence, and accordingly is
nearly the same for the two cases – as stressed before, the two exponential cases di↵er from the
two logarithmic cases, which are within a separate class of their own.

Comparing the two panels we observe that zero-temperature potentials with a steeper increase
at larger field values turn into more shallow potentials for finite temperature near the broken
vacuum. The latter corresponds to a lower barrier between the two minima. The reason for this
link is that the phase transition occurs once positive thermal corrections to the mass parameter
are large enough to change the extremum at � = 0 from a maximum to a minimum, which then
becomes degenerate with the minimum at a finite field value. For potentials with a lower zero-
temperature depth — and correspondingly a more substantial slope at large � — the corresponding
critical temperature Tc is lower. Therefore, the steepest increase towards large � in the left panel
in Fig. 4 corresponds to the smallest bump in the right panel of Fig. 4. Phrased di↵erently: for
potentials with a flatter inner region, scalar fluctuations are quantitatively more relevant. At the
same time, the phase transition turns first order as soon as the scalar fluctuations dominate over
the fermionic ones. This connection will become important when evaluating the prospects of the

6

II. MODIFIED HIGGS POTENTIALS

Similar to the EFT approach we assume that beyond an ultraviolet (UV) scale or cuto↵ scale
⇤ new physics exists and modifies the form of the Higgs potential. As the additional degrees of
freedom are heavy, their e↵ects below ⇤ can be parametrized by additional terms in the Higgs
potential, without modifying the propagating degrees of freedom. The details of the new physics
are encoded in the initial condition for the RG flow of the Standard Model at k = ⇤. Exploring
di↵erent higher-order terms thus provides access to large classes of high-scale physics scenarios,
for which we do not have to investigate the detailed matching of the additional terms in the Higgs
potential and the underlying high-scale degrees of freedom at k = ⇤.

Our system features three relevant energy scales. First, the RG scale k ranges between k = 0,
where all quantum fluctuations are taken into account, and k = ⇤, where we initialize the flow.
Second, the temperature T defines the external physics scale with which we probe our system.
Third, the field value � defines an additional, internal energy scale of our system. As is usual in
EFT analyses, it is important to clearly disentangle these three scales, even though � and T can
in principle act similarly to the RG scale k in that they suppress IR quantum fluctuations [23].
We employ a method that can straightforwardly account for the RG flow in the presence of these
di↵erent scales, namely the functional renormalization group. In this setting, quantum fluctuations
in the presence of further internal and external scales are taken into account by a functional
di↵erential equation that is structurally one-loop, without being restricted to a weak-coupling
regime. This provides access to classes of non-perturbative microscopic models with a manageable
computational e↵ort. Most importantly, the functional RG approach enables us to keep track of
the separate dependence of the potential on the RG scale k, the temperature and the field value
even in cases with non-perturbative UV potentials, where, e.g. a mean-field approach breaks down.

For our study, we concentrate on that part of the Standard Model which is relevant for the RG
flow of the Higgs potential using the framework developed in [23]. Here, we follow that framework
by implementing the e↵ects of weak gauge bosons through a fiducial coupling, and upgrade our
treatment by including a thermal mass generated by the corresponding fluctuations as their leading
contribution instead of implementing a fully-fledged dynamical treatment of that sector, see App. A
for details. Similarly, would-be Goldstone modes do not need to be considered explicitly, such that
it su�ces to concentrate on a real scalar field �, which after electroweak symmetry breaking can
be described in terms of the physical Higgs field H as � = H + v. At the UV scale k = ⇤, the
Higgs-potential is parametrized as

Vk=⇤ =
µ
2

2
�
2 +

�4

4
�
4 +�V , (10)

where �V contains the contribution of some higher dimensional operator. In principle, higher-
order modifications of the Yukawa sector could also be included, cf. [47–49]. We investigate three
classes of modifications to the SM-Higgs potential:

1. additional �6 or �
8 terms, which cover the leading-order terms in an e↵ective-field theory

approach and have been extensively studied in the literature [6–9];

2. a logarithmic dependence on the Higgs-field, inspired by Coleman-Weinberg potentials. It
does not allow for a Taylor expansion around � = 0. Logarithmic modifications are naturally
generated by functional determinants, i.e. by integrating out heavy scalars or fermions.

3. a simple example of non-perturbative contributions of the form exp(�1/�2), i.e. an expo-
nential dependence on the inverse field, consequently not admitting a Taylor expansion in
the field around � = 0. This is inspired by semiclassical contributions to the path integral
with � reminiscent to a moduli parameter of an underlying model.

7

We denote these modifications of the potential by

�V6 = �6
�
6

⇤2
, �V8 = �6

�
6

⇤2
+ �8

�
8

⇤4
,

�Vln,2 = ��ln,2
�
2⇤2

100
ln

�
2

2⇤2
, �Vln,4 = �ln,4

�
4

10
ln

�
2

2⇤2
,

�Vexp,4 = �exp,4�
4 exp

✓
�
2⇤2

�2

◆
, �Vexp,6 = �exp,6

�
6

⇤2
exp

✓
�
2⇤2

�2

◆
. (11)

In all these potentials ⇤ describes a new physics scale, which absorbs the mass dimension of the
Higgs field. The case of �6

/⇤2 has been explored in the literature [7–9] and serves as a test of our
method, as discussed in the Appendix. Neither the logarithmic nor the exponential potentials can
be expanded around � = 0, so they cannot be treated in an EFT framework. Similar bare potentials
have been suggested in [15] in the context of Higgs mass bounds and vacuum stability. Instead, all
potentials that can be expanded around � = 0 can be approximated by the power-ordered, first kind
of potentials. As expected by canonical power counting, terms of higher order in � can only play a
role for very low values of ⇤/v, unless their prefactors are non-perturbatively large. From a more
general viewpoint, the set of power law, logarithmic and exponential potential functions does not
only reflect the physics structures arising from local vertex expansions, one-loop determinants or
semiclassical approximations. It also includes the set of functions to be expected on mathematical
grounds if the e↵ective potential permits a potentially resurgent transseries expansion [51].

To investigate the di↵erent classes of modifications, a variety of tools appears to be at our dis-
posal, a priori ranging from mean-field techniques to non-perturbative lattice tools and functional
methods. It turns out that the former are only applicable to a restricted class of potentials, not
allowing us to adequately explore the full range of possible UV potentials corresponding to diverse
underlying microscopic models. This is displayed in Fig. 2 where the �6- modification of the Higgs
potentials shows the expected physical behavior as the strength of the first-order phase transition
is decreasing with an increasing cuto↵. The logarithmic modifications on the other hand show
a rather unphysical behavior as the strength of the first-order phase transition remains constant
or even increases with the UV scale. This indicates that scalar order-parameter fluctuations are
important, which are ignored in simple mean-field theory. Therefore we make use of powerful
functional techniques, which treat bosonic and fermionic fluctuations on the same footing.

When allowing for modifications of the Higgs potential, we need to ensure that at T = 0 the
IR-values for µ, �4, and the top-Yukawa-coupling yt are such that the measured observables do not
change. We adjust the corresponding masses to

v = 246GeV , mH = 125GeV , mt = 173GeV . (12)

Within our numerical analysis, we require v and mt to be reproduced to an accuracy of ±0.5 GeV.
The Higgs mass is adjusted within a somewhat larger numerical band of ±1.5 GeV. Since it is
related to the second derivative (curvature) of the potential at the minimum, a higher precision is
numerically more expensive, see App. B for details. Moreover, it is expected that the curvature
mass used here shows small deviations from the Higgs pole mass mH , see [50], and the above band
also contains an estimate of this systematic error. In the symmetry broken regime, the potential
given in Eq.(10) can be expanded in powers of (�2

� v
2). In the decoupling region in the deep IR,
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Figure 7. Modification of the self-couplings �H3/�H3,0 (left) and �H4/�H4,0 (right) as a function of �c/Tc

for the UV potentials given in Eq.(11). The asterisk in the lower left of both plots represents the Standard
Model expectation, including Coleman-Weinberg corrections, cf. Eq.(15).

directly to larger values of the cubic and quartic Higgs self-coupling. This dependence is confirmed
by Fig. 6, where potentials with smaller Tc feature larger �H3 . This feature holds both within
each class of potentials where we can decrease Tc by enhancing �V , and between di↵erent classes
of potentials. This trend should be generic in that additions �V leading to a strong first-order
transition at low Tc will be easier to detect at the LHC.

Given that we do not see any striking e↵ects from the individual dependence on 1/Tc and �c,
we study the dependence of the di↵erent Higgs potentials on the physically relevant ratio �c/Tc.
In Fig. 7, we show the modifications of both Higgs self-couplings as a function of �c/Tc. The free
model parameter along the shown line is an appropriate combination of new-physics scale ⇤ and
the new-physics coe�cient �j . For �c/Tc & 1 we find a strong first-order phase transition, suitable
for electroweak baryogenesis. From the location of the Standard Model point it is clear that there
exists a range of modified self-couplings where the electroweak phase transition remains second
order. Only for

�H3

�H3,0
& 1.5 or

�H4

�H4,0
& 4 , (17)

we have a chance to generate a first-order phase transition. This number should be compared to
the LHC reach given in Eq.(9). We conclude that the prospects of a detectable imprint appear to
be good for all models that we have studied. A strong first-order phase transition corresponding to
�c/Tc > 1 can in all scenarios be achieved by further increasing the new physics contributions and
thereby increasing the Higgs self-couplings. In particular, we observe that the non-perturbative
modifications exp(�1/�2) lead to a significantly higher value of the Higgs self couplings at fixed
�c/Tc and are thus easier to detect. Given that for example exponential potentials feature a
minimum value of �H3 significantly larger than the simple �

6 extension, the LHC measurement
might even allow first clues to the nature of new physics, even if the corresponding scale ⇤ remains
out of direct reach at the LHC.

Because the curves in Fig. 7 connect an IR observable with a UV property we can link the two
regimes and make two observations. First, we can start in the IR and fix �H3 for di↵erent UV
potentials. Here, we find that an increase in �c/Tc or decrease in Tc leads to a decrease in �H4 for
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Decay channel Branching ratio Uncertainty

bb̄bb̄ 3.33 · 10�1 ± 2.20 · 10�2

⌧⌧bb̄ 7.29 · 10�2 ± 4.80 · 10�3

W+(! l⌫)W�(! l⌫)bb̄ 1.09 · 10�2 ± 5.93 · 10�4

⌧⌧⌧⌧ 3.99 · 10�3 ± 4.55 · 10�4

��bb̄ 2.63 · 10�3 ± 1.58 · 10�4

W+(! l⌫)W�(! l⌫)⌧⌧ 1.20 · 10�3 ± 8.56 · 10�5

��⌧⌧ 2.88 · 10�4 ± 2.19 · 10�5

bb̄µ+µ� 2.53 · 10�4 ± 1.73 · 10�5

Z(! l+l�)Z(! l+l�)bb̄ 1.41 · 10�4 ± 7.64 · 10�6

bb̄Z(! l+l�)� 1.21 · 10�4 ± 1.16 · 10�5

W+(! l⌫)W�(! l⌫)W+(! l⌫)W�(! l⌫) 8.99 · 10�5 ± 7.73 · 10�6

��W+(! l⌫)W�(! l⌫) 4.32 · 10�5 ± 2.85 · 10�6

⌧⌧µ+µ� 2.77 · 10�5 ± 2.29 · 10�6

Z(! l+l�)Z(! l+l�)⌧⌧ 1.54 · 10�5 ± 1.10 · 10�6

⌧⌧Z(! l+l�)� 1.32 · 10�5 ± 1.41 · 10�6

���� 5.20 · 10�6 ± 5.20 · 10�7

W+(! l⌫)W�(! l⌫)µ+µ� 4.15 · 10�6 ± 3.07 · 10�7

Z(! l+l�)Z(! l+l�)W+(! l⌫)W�(! l⌫) 2.31 · 10�6 ± 1.41 · 10�7

W+(! l⌫)W�(! l⌫)Z(! l+l�)� 1.99 · 10�6 ± 1.98 · 10�7

��µ+µ� 9.99 · 10�7 ± 7.80 · 10�8

��Z(! l+l�)Z(! l+l�) 5.57 · 10�7 ± 3.67 · 10�8

��Z(! l+l�)� 4.78 · 10�7 ± 4.92 · 10�8

Z(! l+l�)Z(! l+l�)µ+µ� 5.35 · 10�8 ± 3.95 · 10�9

Z(! l+l�)�µ+µ� 4.59 · 10�8 ± 4.96 · 10�9

Z(! l+l�)Z(! l+l�)Z(! l+l�)� 2.56 · 10�8 ± 2.55 · 10�9

Z(! l+l�)Z(! l+l�)Z(! l+l�)Z(! l+l�) 1.49 · 10�8 ± 1.28 · 10�9

Z(! l+l�)�Z(! l+l�)� 1.10 · 10�8 ± 1.97 · 10�9

TABLE VIII: Branching ratios for final states arising from double-Higgs production, with the requirement of leptonic decays
of W and Z bosons.
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dkl = 5% appears achievable, by exploiting several techniques and decay modes, and assuming the
future theoretical progress in modelling signals and backgrounds.

bb̄gg bb̄tt bb̄ZZ*[!4`] bb̄WW*[!2j`n] 4b+jet

dkl 6% 8% 14% 40% 30%

Table 5: Precision of the direct Higgs self-coupling measurement in gg!HH production at
p

s =
100 TeV with L = 30 ab�1 for various decay modes.
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Figure 14: Expected precision on the Higgs self-coupling modifier kl with no systematic uncertainties
(only statistical), 1% signal uncertainty, 1% signal uncertainty together with 1% uncertainty
on the Higgs backgrounds (left) and assuming respectively ⇥1, ⇥2, ⇥0.5 background yields
(right).)

assumptions is shown in Figures 14 and 15. The 1s and 2s lines correspond to the 68% and 95%
confidence levels (CL) respectively.

Figure 14 (left) shows the sensitivity obtained with different assumptions about the uncertainties. With
only the statistical uncertainty (blue curve), we find dkl = 5.5%. When a 1% systematic uncertainty
on the signal normalisation is included (red curve) the expected precision decreases to dkl = 6%. An
additional uncertainty of 1% on the single Higgs backgrounds normalisation (green curve) is shown under
the assumption that the QCD background can be extrapolated from a control sample with high statistics
defined by |mgg �mH| > 10 GeV into the signal region. For the single Higgs background defining such a
control sample is more challenging and we therefore assume an uncertainty of 1% on the normalisation,
motivated by expected precision on single Higgs rates at the FCC-hh [43]. In this scenario we find an
expected precision dkl = 6.5%. Figure 14 (right) shows how the precision is affected by varying the
overall background yields by factors of 2 and 0.5 and find an impact on the overall kl precision of
⇡ ±1%.

Figure 15 shows the impact of detector performance related assumptions on the sensitivity. Figure 15
(left) shows the impact of degrading the energy resolution of the electromagnetic calorimeter, which
affects the Dmgg resolution. Figure 15 (center) shows the impact of varying the photon reconstruction
efficiency and Figure 15 (right) shows the impact of varying the jet-to-photon fake rate. Each of these
scenarios degrades the precision on the self-coupling by 1-2%, highlighting the importance of designing
a detector with excellent photon energy resolution and fake rejection capabilities. These less optimistic
performance assumptions roughly correspond to the expected performance of the ATLAS and CMS
detectors at High-Luminosity LHC [49, 50].

To summarize, within the stated assumptions on the expected performance of the FCC-hh detector, a
statistical precision on the Higgs self-coupling of dkl = 5% in the HH ! bbgg channel can be achieved.

3.2 HH ! bb̄ZZ (4`)

The large Higgs pair production cross section at 100 TeV allows for rare but cleaner final states to become
accessible. One example is the HH ! bb̄ZZ (4`) decay channel (where ` = e±, µ±). Despite a small
cross section (sHH!bb̄ZZ (4`) = 178 ab), the presence of four leptons in association with two b-jets leads
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs produc-
tion at hadron (left) and lepton (right) colliders. Extracting the value of the Higgs self-coupling,
in red, requires a knowledge of the other Higgs couplings that also contribute to the same process.
See table 18 for the SM rates. At lepton colliders, double Higgs production can also occur via
vector boson fusion with neutral currents but the rate is about ten times smaller. The contribu-
tion proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies o!
at high energy. Therefore, the kinematic region close to threshold is more sensitive to the Higgs
self-coupling.

Figure 10. Double Higgs production at hadron (left) [65] and lepton (right) [66] colliders as
a function of the modified Higgs cubic self-coupling. See table 18 for the SM rates. At lepton
colliders, the production cross sections do depend on the polarisation but this dependence drops
out in the ratios to the SM rates (beam spectrum and QED ISR e!ects have been included).

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to

be measured with an accuracy below 1%, but this is expected to be achieved by e+e! Higgs

factories at 240/250GeV. However, one needs to be able to disentangle a variation due to

a modified Higgs self-interaction from variations due to another deformation of the SM.

This cannot always be done relying only on inclusive measurements [73, 74] and it calls

for detailed studies of kinematical distributions with an accurate estimate of the relevant

uncertainties [75]. Inclusive rate measurements performed at two di!erent energies also

help lifting the degeneracy among the di!erent Higgs coupling deviations (see for instance

the !3 sensitivities reported in table 12 for FCC-ee240 vs FCC-ee365; it is the combination
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Fig. 1. Representative leading-order Feynman diagrams for triple Higgs production 
in proton–proton collisions.

a luminosity of 30 ab!1 [8,9]. None of these searches are, however, 
designed to probe the Higgs quartic coupling.

In the SM, triple-Higgs production mostly arises, at the leading-
order in QCD, by gluon fusion (see Fig. 1). Such a process faces a 
rather grim prospect at the LHC, mainly because of a small signal 
rate of O(0.1) fb [10–12], so that the study of this process is left to 
the experimental program of the post-LHC era that is currently un-
der discussion at CERN and IHEP [13]. Feasibility analyses have so 
far shown that the bb̄bb̄! ! channel can be used to constrain the 
size of the quartic Higgs coupling in a model-independent way, the 
interaction strength being allowed to deviate by a factor of at most 
O(10) from the SM after considering an integrated luminosity of 
30 ab!1 [14–16]. The prospects of the bb̄W W W W decay mode 
have also been explored, and it was shown that a new physics 
triple-Higgs signal is in principle detectable [17].

In this article, we embark on reinvestigating triple Higgs pro-
duction at a 100 TeV proton–proton collider to be more confi-
dent on the sensitivity of such a machine to the quartic Higgs 
self-coupling. We focus on the more challenging, branching-ratio-
enhanced, bb̄bb̄"+"! signature. Contrary to the bb̄bb̄! ! chan-
nel, it receives a severe background contamination that yields a 
weaker expected sensitivity [14]. However, with the effort of ex-
ploiting previously overlooked advantages of the ditau system and 
a boosted configuration, we show in this work that the bb̄bb̄""
channel can be promoted to a leading discovery channel for triple-
Higgs production.

This paper is organized as follows. In Sec. 2, we introduce the 
adopted simplified model parameterizing in a model-independent 
way any new physics effect on the Higgs self-interactions, and we 
present technical details related to our simulation setup. Sec. 3 is 
dedicated to our event selection strategy and exhibits details on its 
specificity. Our results are given in Sec. 4, together with prospects 
for a future 100 TeV proton–proton colliders.

2. Theoretical framework and technical details

In order to probe for possible new physics effects in multiple-
Higgs interactions, we modify in a model-independent fashion the 
SM Higgs potential,

V h = m2
h

2
h2 + (1 + #3)$

SM
hhh vh3 + 1

4
(1 + #4)$

SM
hhhhh4 ,

by introducing two #i parameters that vanish in the SM. In our 
notation, h denotes the physical Higgs-boson field, mh its mass and 
v its vacuum expectation value. The SM self-interaction strengths 
moreover read

$SM
hhh = $SM

hhhh = m2
h

2v2 .

We simulate our triple Higgs signal and the associated back-
grounds by implementing the above Lagrangian in the Feyn-
Rules package [18] that we use along with the NloCT pro-
gram [19] to generate a UFO library [20]. The latter allows for 
event generation for both tree-level and loop-induced processes 
within the MadGraph5_aMC@NLO [21,22] framework, that we 
use to convolute hard scattering matrix elements with the next-
to-leading (NLO) set of NNPDF 2.3 parton densities [23] for a 
center-of-mass energy of 

"
s = 100 TeV. The hard-scattering events 

are then decayed, showered and hadronized within the Pythia 6 
environment [24] and reconstructed by using the anti-kT algo-
rithm [25] as implemented in FastJet [26], with a radius of R = 1
and 0.4 for a fat jet and slim jet definition, respectively.

Hadronic taus are defined as specific slim jets for which there 
is no hadronic object of pT > 1 GeV and no photon with a 
pT > 1.5 GeV at an angular distance of the jet axis greater than 
rin = 0.1 and smaller than rout = 0.4. The resulting tau-tagging ef-
ficiency is of about 50%, for a fake rate of mistagging a light-flavor 
jet as a tau of roughly 5%. Those performances can be compared 
to what could be expected from the high-luminosity phase of the 
LHC, for which an e!ciency of 55% can be expected for a mistag-
ging rate of 0.5% [7].

Our analysis relies on the reconstruction of boosted Higgs 
bosons. To this aim, we employ the template overlap method [27,
28] as embedded in the TemplateTagger program [29], and we use 
a new template observable derived from the ty quantity proposed 
in Ref. [30], which we here maximize over the different three-body 
Higgs templates. We make use of various two-body and three-body 
(NLO) Higgs templates featuring a sub-cone size of 0.1 to compute 
the discriminating overlaps O vh

2 and O vh
3, respectively, that allow 

for a boosted Higgs boson identification. The performance of the 
method yields a tagging e!ciency of 40% for a mistagging rate 
of 2%.

As suggested by the representative Feynman diagrams of Fig. 1, 
triple-Higgs production depends on both #i parameters as well 
as on the top Yukawa coupling. While in either an effective field 
theory framework or an ultraviolet-complete model building ap-
proach, the #i parameters are not independent, they will be varied 
independently in our study. Moreover, the top Yukawa coupling is 
assumed to be fixed to its SM value. The resulting production cross 
section is presented in Fig. 2 in the (#3, #4) plane after including a 
flat NLO K -factor of 2 [31]. The sign of the #3 parameter turns 
out to be crucial due to respective constructive and destructive 
interference patterns when #3 is negative and positive. As a con-
sequence, the cross section can be reduced to below the fb level 
when both # parameters are positive (and not too large), making 
this corner of the parameter space hard to probe. The variations in 
#4 are in addition mild for any fixed value of #3, so that only poor 
constraints could be expected from any potential measurement.

Among all triple-Higgs production signatures, we make use of 
the bb̄bb̄"+"! channel with two hadronic tau decays to probe de-
viations in the Higgs self-interactions. Whilst the branching ratio 
is large (# 6.3%), the background contamination is expected to be 
important [14]. We however demonstrate in the next sections that 
previously overlooked advantages stemming from the usage of spe-
cific kinematic properties of the ditau systems and the potentially 
boosted configuration of the b-jet pairs could largely increase the 
signal significance.

The various components of the SM background can be clas-
sified into three categories regarding their response to the basic 
selection criteria introduced in Sec. 3. We denote by t/W samples
the ensemble of background processes featuring a top quark or a 
W -boson pair that decays into a tau-enriched final state, together 
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Fig. 2. Triple-Higgs production cross-section for a center-of-mass energy of !s =
100 TeV presented as a function of the !3 and !4 parameters depicting the possible 
deviations from the SM (indicated by a black star). The results include a conserva-
tive NLO K -factor of 2.

Table 1
Fiducial cross sections of all components of the SM back-
ground after the baseline selection described in Sec. 3. The 
results include an NLO K -factor of 2, and the su!xes ‘" ’ 
and ‘bb̄’ respectively indicate decays into a tau-lepton and 
a bb̄ pair, th denoting similarly a hadronically-decaying top 
quark.

Class Backgrounds Cross section [ab]

t/W samples t" t̄" hbb̄ 2.3 " 104

t" t̄" Zbb̄ 6.6 " 103

t" t̄" bb̄ 4.7 " 105

W +
" W #

" bb̄bb̄ 4.7 " 105

tt̄tt̄ 6.6 " 104

X"" + jets X"" bb̄bb̄ 6.9 " 104

X"" bb̄ j j 1.5 " 107

X"" tht̄h 1.6 " 105

X"" Zbb̄bb̄ 2.0 " 103

Z"" hbb̄bb̄ 300

X"" Zbb̄ Zbb̄ 23

Z"" hbb̄ Zbb̄ 15

h"" hbb̄ Zbb̄ 11
hbb̄hbb̄ Z""

Di-Higgs h"" hbb̄ + jet 1.3 " 103

with the four-top background contributions. The second class of 
SM backgrounds consists of the X"" + jets category with X be-
ing a virtual photon, Higgs or Z -boson decaying into a pair of tau 
leptons. Di-Higgs production in association with jets finally forms 
the last class of background processes on its own. The full list 
of considered SM backgrounds is summarized in Table 1, where 
we additionally present the fiducial cross sections, multiplied by a 
conservative NLO K-factor of 2, obtained after requiring the pres-
ence of two hadronic taus and missing transverse energy (cf. the 
baseline selection described in Sec. 3).

3. Signal selection

Our triple-Higgs analysis relies for its baseline selection on 
the properties of the bb̄bb̄"+"# final state. We preselect events 
featuring exactly two hadronic taus with a pT > 25 GeV and a 

Fig. 3. Distribution in the m"" invariant mass (as defined in the text) after the base-
line selection for the three SM background categories and for a SM triple-Higgs 
signal. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

pseudorapidity |#| < 2.5, as well as a missing transverse energy 
/E T > 25 GeV.

After this preselection, the two taus are enforced to be compat-
ible with the decay of a Higgs boson by means of the mHiggs#bound

""
and mTrue

T variables [32–34]. The former quantity is defined by 
minimizing, over all possible assignments for the neutrino four-
momenta, the invariant mass of the system made of the two tau 
jets and the two invisible neutrinos. This minimization procedure 
however requires that each tau jet is matched with a neutrino and 
that the resulting two-body invariant mass is compatible with the 
tau mass. For cases for which there is no such a solution, the mTrue

T
variable is constructed instead in the same way, but without this 
last constraint. We present the resulting m"" distribution in Fig. 3, 
m"" generically denoting mHiggs#bound

"" when it can be constructed 
and mTrue

T otherwise. Most signal events exhibit an m"" value lying 
between the Z and the Higgs boson masses, whereas background 
events from the X"" + jets category mainly feature smaller m""

values. We therefore impose that m"" $ [105,135] GeV to ensure 
compatibility with a Higgs ditau decay and a very good discrimi-
nation from the X"" + jets background category.

We move on with the reconstruction of the two other Higgs 
bosons for which we rely on a configuration where one of them is 
boosted and the other one is resolved. We select events featuring 
at least one fat jet whose basic properties satisfy pT > 300 GeV 
and |#| < 2.5. The fat jet invariant mass is moreover required to 
lie in the [105, 135] GeV window and the template overlaps are 
constrained to O vh

3 > 0.7 and O vh
2 > 0.2. We additionally require 

the presence of at least two slim jets and tag two of them as can-
didates for a non-boosted Higgs decay. This tagging is such that 
the dijet invariant mass mjj $ [105,135] GeV minimizes |mjj # mh|. 
Furthermore, one of the two tagged slim jets must be b-tagged and 
the fat jet must contain a doubly-b-tagged substructure when we 
assume a b-tagging e!ciency of 70% when a B-hadron is present 
in a cone of radius R = 0.4 around the jet direction, for a corre-
sponding mistagging rate of 1%.

At this stage, the background is dominated by its t/W com-
ponent (see Table 2). In contrast to the triple-Higgs signal in 
which the missing energy originates from the two neutrinos asso-
ciated with the tau decays, most background events feature either 
more than two neutrinos, or a missing energy originating from a 
W -boson pair. This suggests to take advantage of the mT 2 vari-
able [35,36] to ensure an e!cient background rejection. The mT 2
spectrum is bounded from above and its shape depends both on 
a test mass and on the mass of the semi-invisibly decaying par-
ticle. Moreover, the upper bound sharply rises for increasing test 
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Table 2
Signal and background cross sections, in ab, at different stage of the anal-
ysis strategy depicted in Sec. 3. The signal to background ratio S/B and 
the significance ! for a luminosity of 30 ab!1 are also indicated.

Selection Signal t/W X"" hh

Baseline 27 1.0 " 106 1.6 " 107 1.3 " 103

m"" 12 1.4 " 105 2.6 " 106 670
Boosted Higgs 0.92 640 6.5 " 103 35
mjj 0.47 180 81 4.1
b-tagging 0.15 15 0.20 0.034
mT 2 0.11 0.37 0.093 0.029
mhhh 0.10 8.5 " 10!3 0.012 0.026

S/B 2.1
! 2.0

Fig. 4. mT 2 spectra for the signal (in the case of a SM Higgs potential) and the 
various components of the background. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

masses above the true mass of the invisible particle [37]. As the 
true invisible mass is zero for the triple Higgs signal, the associ-
ated mT 2 distribution is naturally broader than for the background, 
provided the test mass is taken large enough. This feature is illus-
trated in Fig. 4 for which we have chosen an optimized test mass 
of 190 GeV, which allows for a maximal background and signal 
separation.

After having reconstructed all three Higgs bosons, we derive the 
invariant mass of the triple-Higgs system mhhh and constrain it to 
be smaller than 1.6 TeV.

4. Results and discussion

We present in Table 2 the fiducial cross sections resulting from 
the application of the various selections introduced in Sec. 3, both 
for the signal (assuming the SM case with #3 = #4 = 0) and the 
background. We can observe the complementarity of the various 
steps, the m"" and boosted Higgs requirements reducing the back-
ground by a factor of more than 2000, while the reconstruction of 
the resolved Higgs boson and the b-tagging conditions bring the 
signal over background (S/B) ratio down to the percent level. The 
background is at this stage dominated by t/W events and is fur-
ther reduced to a manageable level by means of the mT 2 selection. 
The selection on the triple-Higgs invariant mass finally brings the 
background rate to half the signal one for the considered bench-
mark.

In order to set limits and derive the future collider sensitivity 
in the (#3, #4) plane, we compute a significance ! defined as the 
likelihood ratio [38]

! #
!

!2 ln
"

L(B|S + B)

L(S + B|S + B)

#
with L(x|n) = xn

n! e!x ,

where S and B are the expected number of signal and background 
events respectively. The signal sensitivity turns out to be of about 
2! in the SM case for a luminosity of 30 ab!1, with a number of 
signal events S $ 3 and background events B $ 1.4. The number 
of signal events could however be increased by considering the 
strategic approach of including the contributions of a semi-leptonic 
"h"lbb̄bb̄ final state, as it has been recently proposed for di-Higgs 
searches at the LHC [7].

Scanning over the #i parameters, we show in Fig. 5 the lu-
minosity goals of a 100 TeV proton–proton collider necessary for 
achieving a 2! exclusion (left panel). Despite the dominance of 
destructive interferences on the upper-right-corner of the (#3, #4)
plane, our analysis demonstrates that the SM expectation can in 
principle be excluded with 30 ab!1. Conversely, we present in the 
right panel of the figure the significance contours obtained when 

Fig. 5. Minimum luminosity of 100 TeV proton–proton collisions required to achieve a 2! sensitivity to a triple-Higgs signal in the bb̄bb̄"" channel shown in terms of the 
#3 and #4 parameters (left), and the corresponding sensitivity expected for a luminosity of 30 ab!1 (right).
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Fig. 1. Representative leading-order Feynman diagrams for triple Higgs production 
in proton–proton collisions.

a luminosity of 30 ab!1 [8,9]. None of these searches are, however, 
designed to probe the Higgs quartic coupling.

In the SM, triple-Higgs production mostly arises, at the leading-
order in QCD, by gluon fusion (see Fig. 1). Such a process faces a 
rather grim prospect at the LHC, mainly because of a small signal 
rate of O(0.1) fb [10–12], so that the study of this process is left to 
the experimental program of the post-LHC era that is currently un-
der discussion at CERN and IHEP [13]. Feasibility analyses have so 
far shown that the bb̄bb̄! ! channel can be used to constrain the 
size of the quartic Higgs coupling in a model-independent way, the 
interaction strength being allowed to deviate by a factor of at most 
O(10) from the SM after considering an integrated luminosity of 
30 ab!1 [14–16]. The prospects of the bb̄W W W W decay mode 
have also been explored, and it was shown that a new physics 
triple-Higgs signal is in principle detectable [17].

In this article, we embark on reinvestigating triple Higgs pro-
duction at a 100 TeV proton–proton collider to be more confi-
dent on the sensitivity of such a machine to the quartic Higgs 
self-coupling. We focus on the more challenging, branching-ratio-
enhanced, bb̄bb̄"+"! signature. Contrary to the bb̄bb̄! ! chan-
nel, it receives a severe background contamination that yields a 
weaker expected sensitivity [14]. However, with the effort of ex-
ploiting previously overlooked advantages of the ditau system and 
a boosted configuration, we show in this work that the bb̄bb̄""
channel can be promoted to a leading discovery channel for triple-
Higgs production.

This paper is organized as follows. In Sec. 2, we introduce the 
adopted simplified model parameterizing in a model-independent 
way any new physics effect on the Higgs self-interactions, and we 
present technical details related to our simulation setup. Sec. 3 is 
dedicated to our event selection strategy and exhibits details on its 
specificity. Our results are given in Sec. 4, together with prospects 
for a future 100 TeV proton–proton colliders.

2. Theoretical framework and technical details

In order to probe for possible new physics effects in multiple-
Higgs interactions, we modify in a model-independent fashion the 
SM Higgs potential,

V h = m2
h

2
h2 + (1 + #3)$

SM
hhh vh3 + 1

4
(1 + #4)$

SM
hhhhh4 ,

by introducing two #i parameters that vanish in the SM. In our 
notation, h denotes the physical Higgs-boson field, mh its mass and 
v its vacuum expectation value. The SM self-interaction strengths 
moreover read

$SM
hhh = $SM

hhhh = m2
h

2v2 .

We simulate our triple Higgs signal and the associated back-
grounds by implementing the above Lagrangian in the Feyn-
Rules package [18] that we use along with the NloCT pro-
gram [19] to generate a UFO library [20]. The latter allows for 
event generation for both tree-level and loop-induced processes 
within the MadGraph5_aMC@NLO [21,22] framework, that we 
use to convolute hard scattering matrix elements with the next-
to-leading (NLO) set of NNPDF 2.3 parton densities [23] for a 
center-of-mass energy of 

"
s = 100 TeV. The hard-scattering events 

are then decayed, showered and hadronized within the Pythia 6 
environment [24] and reconstructed by using the anti-kT algo-
rithm [25] as implemented in FastJet [26], with a radius of R = 1
and 0.4 for a fat jet and slim jet definition, respectively.

Hadronic taus are defined as specific slim jets for which there 
is no hadronic object of pT > 1 GeV and no photon with a 
pT > 1.5 GeV at an angular distance of the jet axis greater than 
rin = 0.1 and smaller than rout = 0.4. The resulting tau-tagging ef-
ficiency is of about 50%, for a fake rate of mistagging a light-flavor 
jet as a tau of roughly 5%. Those performances can be compared 
to what could be expected from the high-luminosity phase of the 
LHC, for which an e!ciency of 55% can be expected for a mistag-
ging rate of 0.5% [7].

Our analysis relies on the reconstruction of boosted Higgs 
bosons. To this aim, we employ the template overlap method [27,
28] as embedded in the TemplateTagger program [29], and we use 
a new template observable derived from the ty quantity proposed 
in Ref. [30], which we here maximize over the different three-body 
Higgs templates. We make use of various two-body and three-body 
(NLO) Higgs templates featuring a sub-cone size of 0.1 to compute 
the discriminating overlaps O vh

2 and O vh
3, respectively, that allow 

for a boosted Higgs boson identification. The performance of the 
method yields a tagging e!ciency of 40% for a mistagging rate 
of 2%.

As suggested by the representative Feynman diagrams of Fig. 1, 
triple-Higgs production depends on both #i parameters as well 
as on the top Yukawa coupling. While in either an effective field 
theory framework or an ultraviolet-complete model building ap-
proach, the #i parameters are not independent, they will be varied 
independently in our study. Moreover, the top Yukawa coupling is 
assumed to be fixed to its SM value. The resulting production cross 
section is presented in Fig. 2 in the (#3, #4) plane after including a 
flat NLO K -factor of 2 [31]. The sign of the #3 parameter turns 
out to be crucial due to respective constructive and destructive 
interference patterns when #3 is negative and positive. As a con-
sequence, the cross section can be reduced to below the fb level 
when both # parameters are positive (and not too large), making 
this corner of the parameter space hard to probe. The variations in 
#4 are in addition mild for any fixed value of #3, so that only poor 
constraints could be expected from any potential measurement.

Among all triple-Higgs production signatures, we make use of 
the bb̄bb̄"+"! channel with two hadronic tau decays to probe de-
viations in the Higgs self-interactions. Whilst the branching ratio 
is large (# 6.3%), the background contamination is expected to be 
important [14]. We however demonstrate in the next sections that 
previously overlooked advantages stemming from the usage of spe-
cific kinematic properties of the ditau systems and the potentially 
boosted configuration of the b-jet pairs could largely increase the 
signal significance.

The various components of the SM background can be clas-
sified into three categories regarding their response to the basic 
selection criteria introduced in Sec. 3. We denote by t/W samples
the ensemble of background processes featuring a top quark or a 
W -boson pair that decays into a tau-enriched final state, together 

B Fuks, J H Kim, S J Lee,  plb 771 (2017) 354



dark matter

33



Invisible higgs decays

and systematical uncertainties are scaled by a factor 1/2 and by
p

L, respectively. In this
optimistic scenario 2, accuracies of a few percent could be reached at HL–LHC in the
bosonic case for instance, an uncertainty that is two times smaller than in scenario 1.

As for the invisible Higgs decays, CMS has also performed a likelihood scan and ex-
pected 95%CL limits of BR(H ! inv)< 18 (11)% for scenario 1(2) are obtained with 300
fb�1 data. At the HL–LHC with 3 ab�1 data, the more precise limits BR(H ! inv) <
14 (7)% are achieved [186]. A direct search for invisible Higgs decays has also been done by
CMS in associated HZ production and the 95%CL upper limits BR(H ! inv) < 28 (17)%
for scenario 1 and 17 (6.4)% for scenario 2 were set with 300 (3000) fb�1 data.

Very recently, the report of the physics working group on Higgs physics at the HL–LHC
has appeared [187] and it constrains an updated analysis of the prospects for measuring
the invisible Higgs branching ratio either directly in Emis

T
searches or indirectly through

the Higgs signal strengths. The outcome of this study is summarized in Fig. 10. In the
left–hand side of the figure, shown is the projection for the 95%CL upper limit on the
Higgs cross section in the VBF channel (which provides the best sensitivity) times the
invisible branching fraction as obtained in an analysis of a search for missing transverse
energy with 3 ab�1 of data [238]. For an invariant mass Mjj > 2.5 TeV of the two VBF
jets and Emis

T
⇡ 200 GeV, a sensitivity of 4% can be reached on BR(H !inv). Assuming a

similar performance by ATLAS, a combined 95%CL limit of BR(H !inv) <⇠ 3% can be set
for a SM–like H boson. In the right–hand side of the figure, this limit is compared to what
can be obtained indirectly from the Higgs signal strengths when the ATLAS and CMS
measurements are combined, conservatively assuming that the systematical uncertainties
will remain the same as in RunII. The limits in the plane [BR(H !inv),] are shown in
the case where the  factor is universal (light green) and when there are additional loop
contributions to the Hgg and H�� vertices (dark green). Depending whether the global 
will be smaller or larger than unity, the indirect constraint could be tighter or looser.
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Figure 10: Left: 95% CL limits on �(VBF)⇥BR(H !inv) at the HL–LHC as a function of
the minimum threshold on Emis

T
for Mjj > 2.5 TeV and a luminosity of 3 ab�1 [238]. Right:

projected 95%CL limits in the [, BR(H !inv)] plane obtained from the measurement of
the Higgs signal strengths (green regions) and from direct invisible Higgs searches (the
black dashed line) at the HL–LHC, assuming RunII systematic uncertainties [187].
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Fig. 1. Leading order Feynman diagrams for the main production processes targeted in the combination: VBF (left), VH (middle), and ggH (right).

space, the main expected backgrounds originate from Z(!!)+jets
and W("!)+jets processes. They are estimated from data using 
dedicated control regions (CRs), which consist of high purity sam-
ples of Z or W bosons decaying leptonically (" = µ,e). While ear-
lier searches probing this final state at the LHC were based on 
counting experiments, the analysis presented in this Letter more 
optimally exploits the distinctive kinematic features of the VBF 
topology by fitting the shape of the mjj distribution. This approach 
is referred to as the “shape analysis”. The shape analysis has been 
designed to provide a substantially improved sensitivity to invisi-
ble decays of the SM Higgs boson, resulting in the most sensitive 
VBF H ! inv search reported to date. In addition, a simple but 
less sensitive counting approach, referred to as the “cut-and-count 
analysis”, allows for an easier interpretation of the results of this 
search in the context of other phenomenological models predicting 
the same final-state signature. Upper limits on the product of the 
cross section and branching fraction for an additional Higgs bo-
son with SM-like couplings, which does not mix with the 125 GeV
Higgs boson, are also reported.

To further improve the sensitivity, results from a combination 
of searches for invisible decays of the Higgs boson, using data col-
lected at 

"
s = 7, 8, and 13 TeV, are also presented. The searches 

considered in this combination target the VBF, the associated pro-
duction (denoted by VH, where V denotes a W or Z boson), and 
the gluon fusion modes, whose representative Feynman diagrams 
are shown in Fig. 1. The VH-tag includes both a search for ZH pro-
duction, in which the Z boson decays to a pair of leptons (e, µ) or 
b quarks, and one where a Lorentz-boosted W or Z boson decays 
to light-flavor quarks, whose corresponding hadronization products 
are reconstructed as a single large-radius jet. Additional sensitivity 
is achieved by including a search for gg ! gH production (here-
after referred to as ggH), where a high-pT Higgs boson candidate is 
produced in association with jets from initial-state radiation. When 
these searches are combined to set an upper limit on B(H ! inv), 
SM production cross sections are assumed. The result of this com-
bination is also interpreted in the context of Higgs-portal models 
of DM interactions [9–12], in which the 125 GeV Higgs boson plays 
the role of a mediator between the SM and DM particles, thereby 
allowing for the possibility of producing DM candidates.

This Letter is organized as follows: after a brief description of 
the CMS detector in Section 2, the event reconstruction in Sec-
tion 3, and the simulated signal and background processes in Sec-
tion 4, Section 5 is dedicated to the event selection requirements 
followed by a detailed description of the analysis strategy in Sec-
tion 6. Section 7 reports the results of the VBF search in terms of 
upper limits on B(H ! inv). Section 8 reports the upper limit on 
B(H ! inv) from a combination of the aforementioned searches 
for invisible decays of the Higgs boson based on 13 TeV data col-
lected in 2016 while, in Section 9, results from a more complete 
combination, involving also similar analyses performed on the 7 
and 8 TeV data sets, are presented. The Letter is summarized in 
Section 10.

2. The CMS detector

The CMS detector is a multi-purpose apparatus designed to 
study a wide range of physics processes in both pp and heavy ion 
collisions. The central feature of the experiment is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field 
of 3.8 T parallel to the beam direction. Within the solenoid volume 
a silicon pixel and strip tracker, a lead tungstate crystal electro-
magnetic calorimeter (ECAL), and a brass and scintillator hadron 
calorimeter (HCAL) are installed, each composed of a barrel and 
two endcap sections. The tracker system measures the momen-
tum of charged particles up to |#| = 2.5, while the ECAL and HCAL 
provide coverage up to |#| = 3.0. In addition, the steel and quartz-
fiber Cherenkov hadron forward calorimeter extends the coverage 
to |#| = 5.0. Muons are detected in gas-ionization chambers em-
bedded in the steel flux-return yoke outside the solenoid, which 
cover up to |#| = 2.4.

Events of interest are selected using a two-tiered trigger sys-
tem [18]. The first level (L1) is composed of custom hardware 
processors, which use information from the calorimeters and muon 
detectors to select events at a rate of about 100 kHz. The second 
level, known as high-level trigger (HLT), is a software-based system 
which runs a version of the CMS full event reconstruction opti-
mized for fast processing, reducing the event rate to about 1 kHz.

A more detailed description of the CMS detector, together with 
a definition of the coordinate system used and the relevant kine-
matic variables, can be found in Ref. [15].

3. Event reconstruction

The particle-flow (PF) algorithm [19] aims to reconstruct and 
identify each particle in an event with an optimized combination 
of information from the various elements of the CMS detector. The 
energy of photons is obtained from the ECAL measurement. The 
energy of electrons is determined from a combination of the mo-
mentum of the associated track at the primary interaction vertex, 
the energy of the corresponding ECAL cluster, and the energy sum 
of all bremsstrahlung photons spatially compatible with originating 
from the electron track. The momentum of muons is obtained from 
the curvature of the corresponding tracks. The energy of charged 
hadrons is determined from a combination of their momentum 
measured in the tracker and the matched ECAL and HCAL energy 
deposits, corrected for the response function of the calorimeters 
to hadronic showers. Finally, the energy of neutral hadrons is ob-
tained from the corresponding corrected ECAL and HCAL energy.

The missing transverse momentum vector (#pmiss
T ) is computed 

as the negative vector pT sum of all the PF candidates in an 
event, and its magnitude is denoted as pmiss

T . Hadronic jets are 
reconstructed by clustering PF candidates using the anti-kT algo-
rithm [20,21], with a distance parameter of 0.4. The reconstructed 
vertex with the largest value of summed physics object p2

T is 
taken to be the primary pp interaction vertex, where physics ob-
jects correspond to the jets and the pmiss

T measured in the event. 
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Fig. 1.9. The Higgs boson production cross section as a function of the centre-of-mass
energy in unpolarised e+e� collisions. The blue and green curves stand for the Hig-
gsstrahlung and WW fusion processes, respectively, and the red curve displays the total
production cross section. The vertical dashed lines indicate the centre-of-mass energies of
choice at the FCC-ee for the measurement of the Higgs boson properties.
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Fig. 1.10. Left: a schematic view, transverse to the detector axis, of an e+e� ! HZ event
with Z!µ

+
µ
� and with the Higgs boson decaying hadronically. The two muons from the

Z decay are indicated. Right: distribution of the mass recoiling against the muon pair,
determined from the total energy-momentum conservation, with an integrated luminosity
of 5 ab�1 and the CLD detector design. The peak around 125GeV (in red) consists of
HZ events. The rest of the distribution (in blue and pink) originates from ZZ and WW
production.
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Invisible higgs decays

Figure 19: Summary of constraints in the planes [mX , �HXX ] (left panels) and
[mX , BR(H ! XX)] (right panels) for the Higgs–portal DM in the scalar (top), fermionic
(middle) and vector (bottom) cases. The black contours correspond to the correct DM relic
density. The blue and brown regions are excluded, respectively, by direct detection limits
from XENON1T and the invisible Higgs decay width. The black contour lines correspond
to invisible Higgs branching ratios of 10 %, 5 % and 1 %. The magenta and purple con-
tours represent the sensitivity reach of next generation direct detection experiments such
as LZ/XENONnT and DARWIN.
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Figure 3
(a) Example of a process leading to a single top signature, proceeding through the coupling of a u and a t
with a new vector boson, decaying to DM particles. (b) Example of a collider diagram from a coannihilation
model, where two DM particles are present in the final state (one denoted DM and the other X).
(c) Example of a diagram from a 2HDM process, with an interaction between an H , an SM Z boson, and an
a mediating the SM–DM interaction. Abbreviations: a , pseudoscalar boson; DM, dark matter; g, gluon; H ,
heavy Higgs boson; SM, Standard Model; t, top quark; u, up quark; V, vector mediator; X , coannihilating
DM partner, 2HDM, two–Higgs doublet model.

is no broad consensus on which models should be a priority, very few of them have been explicitly
considered by LHC searches. Here, we highlight a few such models with signatures different from
those of the simplified models described above.

Models with more complex flavor violation structure than the Standard Model are just as
motivated as those assuming MFV. But when constructing viable non-MFV models one must
carefully evaluate many experimental constraints on flavor-violating processes (48). Mediators that
couple to DM and a top quark appear in one category of flavor-violating model that remains least
constrained by low-energy measurements (49). These yield a distinct “monotop” LHC signature,
as shown in Figure 3a.

Coannihilation models add two species of dark sector particles with similar masses (see Refer-
ences 50 and 51 for examples). The interaction between these two states drives the cosmological
history (3), as processes involving both types of particles can efficiently annihilate into Standard
Model particles. LHC signatures include missing transverse momentum accompanied by multiple
jets and/or by the decay products of the additional resonant particles in the model in addition to
the invisible particle signatures, as in Figure 3b. The signatures can be very diverse, encompassing
some typically considered in searches with very different motivation than DM (e.g., searches for
leptoquarks). In some cases, these signatures have not received much attention from any current
LHC search (50).

Ultimately, we do not yet know whether the Standard Model Higgs boson is alone in the scalar
sector, nor whether a single scalar mediator encodes all of the important features of the complicated
phenomenology of more complex scalar sectors. A step beyond the simple scalar mediator model,
dictated by gauge invariance, is to take mixing between this mediator and the Standard Model
Higgs boson into account (37, 44). A much larger step beyond that is to consider an extended
Higgs sector such as a 2HDM, in which one or more of the scalars acts as the mediator between
DM and ordinary matter (43, 52, 53). In such models, the new mediator mixes with the Higgs
partners rather than with the Standard Model Higgs boson, so the model remains compatible with
Higgs measurements. Some models developed for LHC searches focus on one Yukawa structure
(type II) (54). Their particle content includes two CP-even bosons (of which one is the Standard
Model Higgs boson), two CP-odd bosons (of which one is the pseudoscalar DM mediator), two
charged Higgs bosons, and the invisible particle. Masses and couplings of these models are chosen
to respect vacuum stability (53) as well as electroweak and flavor constraints, and to reproduce the
observed DM abundance. Figure 3c shows an example Feynman diagram.
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Massive color-neutral spin-1 bosons with vector or axial–vector couplings are nearly ubiquitous
in BSM theories, so Z! bosons as the mediators connect with a wide class of models (23). Since
the Z! coupling to quarks must be nonzero for its production at the LHC, both invisible and
dijet signatures are discovery channels. This coupling (or loop-level coupling) to Standard Model
partons is also required for nuclear recoils in underground DM searches.

The models in use at ATLAS and CMS contain vector, axial–vector, or mixed couplings to
quarks and a single species of invisible particle. The couplings of the Z! boson (gq to all quarks, g!

to leptons, and g" to invisible particles), the mass of the invisible particle m" , and the Z! mass M med

are free parameters. Lepton decays, if not included explicitly at tree level, arise through the quark
coupling at loop level (see Reference 36 and references therein). Decays of the spin-1 mediator
into neutrinos are also required by gauge invariance, and add an invisible decay channel that can
enhance signatures of missing transverse momentum, depending on the size of the couplings (36).
The spin structure of the Z! couplings does not significantly change the LHC phenomenology,
but it has a much greater effect in signals in noncollider searches. Figure 1b,d depicts an example
process for this model for the case of invisible and visible decays, respectively. The rate of vis-
ible decays will increase quickly with increasing gq. In order to show the interplay between the
constraints from visible and invisible searches in different decay channels of the mediator, LHC
searches adopt different benchmark coupling scenarios (described in Reference 36 and discussed
in Section 3.5.1), where the coupling to DM is set to unity, the coupling to quarks is set to either
0.25 or 0.1, and the coupling to leptons is set to 0, 0.1, or 0.01. Those choices are made on the
basis of the current LHC search sensitivity (see Section 3.5.1). These coupling values also ensure
that the model is still perturbative in most of the parameter space tested by LHC searches (for
a discussion of unitarity and gauge invariance for these models, see Reference 30) and that the
mediator width is small compared with its mass.

Models mediated by a Z! boson can include additional couplings of the Z! boson to acquire
mass through a new baryonic Higgs boson, hB (38), through a coupling ghZ! Z! . This model variant
collapses to the simpler vector model above in the limit of very heavy Z! boson mass. Figure 2a
shows an example Feynman diagram for this case. These models can also be embedded in a type II
two–Higgs doublet model (2HDM) (37), as shown in Figure 2b.

With appropriate values of the model parameters, these models can satisfy the relic density
constraints (39). However, taken in isolation, the axial–vector model is nonrenormalizable, and

SM

SM

SM

SM

DM

DM

DM

DM

a b

ghZ'Z' gq g!
gq g!

dc
h h

Z' Z'
Z' A0

DM

DM

S/P

q q

g

DM

DM

t/(b)

t/(b)

S/P

g

g

Figure 2
(a) Example of a process including baryonic coupling between a vector mediator Z! and an SM Higgs boson.
The Z!–Higgs coupling is denoted ghZ! Z! . (b) Example of a process from a U(1) Z! boson embedded in a
2HDM, where a vector Z! decays to a pseudoscalar A0 that in turn decays to DM particles. (c,d ) Examples of
a simplified model process where the interaction is mediated by an intermediate scalar or pseudoscalar
particle. In panel c, the SM–scalar interaction proceeds through a gluon loop (87), whereas in panel d, the
pseudo(scalar) is produced in association with a pair of heavy-flavor quarks. The coupling constants that are
prefactors to the Yukawa couplings in the model are denoted gq for the mediator–quark–quark vertex and g"

for the mediator–DM vertex. Abbreviations: A0/a , pseudoscalar bosons; b , bottom quark; DM, dark matter;
g, gluon; h, SM Higgs boson; S, heavy scalar boson; SM, Standard Model; t, top quark; Z!, vector mediator;
2HDM, two–Higgs doublet model.
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First-order EW phase transition .

> Framework for EW baryogenesis !
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Figure 18. The expected sensitivity likelihood contours at 95% CL for an integrated luminosity
L = 3000 fb!1 for modified Higgs trilinear coupling !! vs the light quark Yukawa couplings
scalings !q.

5 Conclusion

The couplings to the first and second generation fermions remain among the less well

measured couplings of the Higgs boson. In this paper we investigated the possibility of

measuring light quark Yukawa couplings in Higgs pair production. For enhanced Yukawa

couplings of the first generation quarks, we found that limits can be set when considering

quark annihilation with subsequent decay of the Higgs boson pair to bb"". In an e!ective

theory description with dimension 6 operators that modify the quark Yukawa couplings,

there exists also a coupling of two Higgs bosons to two fermions. This coupling increases

the Higgs pair production cross section and hence allows to set bounds on the light quark

Yukawa coupling modifications. For the HL-LHC we found a sensitivity of |!u| ! 1170

and |!d| ! 850, cf. figure 13, which is comparable to the sensitivity of other channels that

can directly probe the light quark Yukawa couplings though being weaker than the results

from a global fit. Further improvements could be possible with a more dedicated analysis.

We note though that the bounds we find stem mostly due to the diagram involving the

coupling of two Higgs bosons to two quarks, as we showed explicitly also by considering a

non-linear e!ective theory in which the coupling of one and two Higgs boson to fermions

are uncorrelated. This channel can hence also be used to distinguish between a linear vs

non-linear Higgs EFT hypothesis in the light quark sector. The LHC experiments should

hence consider the Higgs pair production process in addition to other channels for probing

the light quark Yukawa couplings.
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Figure 8. The qqA normalised NLO invariant mass di!erential cross section distribution for the
benchmark point (ghqq = gSM

hbb
) (solid line) and the NNLO SM ggF cross section obtained from [70]

(dashed line).

Taking the ratio we get

(!qqA ! !qqASM )

(!ggF ! !ggFSM )
" "q

v2

!
ln2

!
Mhh
mq

"

M2
hh

" . (3.18)

This ratio approaches one (neglecting e!ects from di!erent PDFs) when

"qqA=ggF
q "

v2 ln2
#
Mhh
mq

$

M2
hh

. (3.19)

Using this order of magnitude estimate, we see that the two cross sections are roughly equal

if "qqA=ggF
c " 1, "qqA=ggF

s " 10 and "qqA=ggF
u " "qqA=ggF

d " 103. The actual values of

"qqA=ggF
q can be read from figure 7. We observe that "qqA=ggF

q values are not yet excluded,

particularly for the first family.

In figure 8 we show the di-Higgs invariant mass normalised di!erential cross section

distributions for the ghqq = gSM
hbb

benchmark point at NLO compared to the NNLO SM ggF

cross section extracted from [70]. We notice a considerable shape di!erence, with shifted

peak to the left, and a larger tail. This will allow us later on to use kinematical information

to extract the light quark Yukawa couplings.
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Figure 5. Feynman diagrams for the qqA Higgs pair production.

process in the presence of enhanced light Yukawa couplings is quite small. The reason is

that the box contribution which is the major part of the cross section has two fermion

coupling insertions and hence is strongly suppressed for all the light quarks with respect

to the top quark loop diagrams. The bottom quark contribution to the ggF process in

the SM is less than 1% and comes mainly from the triangle diagram, so adding several

contributions from similar size does not change the cross section by much. Also the new

diagrams (cf. figure 3) are suppressed compared to the box diagrams of the top quark. In

the presence of enhanced light quark Yukawa couplings the Higgs boson pair can though

be directly produced by quark annihilation. We turn to discuss this process in the next

part. In the meanwhile we can conclude that for the ggF process we can improve on

the LO predictions by using SM K-factors and that the e!ects of light Yukawa coupling

modifications for the ggF process are small for the still allowed modifications.

3.2 Higgs pair production via quark anti-quark annihilation

If the Yukawa couplings of the light quark generations are su"ciently increased, the Higgs

bosons will be produced directly from the constituents of the proton with a sizeable rate.

The quark anti-quark annihilation (qqA) process becomes then relevant for Higgs pair

production. The qqA process has four Feynman diagrams shown in the figure 5.

The di!erential cross section given by

d!̂qiqj
dt̂

=
1

16"

1

12ŝ

! """"2ghhqiqj +
ghhh ghqiqj

ŝ!m2
h ! imh#h

""""
2

+O(g4hqiqj )

#
. (3.4)

We neglect here the t̂ and û channel diagrams, as their contribution is " 0.1% of the

total cross section, as they are suppressed by g4hqiqj and only interfere with each other.

The hadronic cross section is then obtained by

!hadronic =

$ 1

!0

d#

$ t̂+

t̂!

dt̂
%

i,j

dLqiqj

d#

d!̂qiqj
dt̂

, (3.5)

with #0 = 4m2
h/s, ŝ = #s and

t̂± = m2
h !

ŝ(1# $)

2
and $ =

&

1!
4m2

h

ŝ
. (3.6)
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Higgs couplings to the Second generation
Fig. 123: Efficiencies as function of the cut on p|| and for d0 <14 µm to reconstruct the different Higgs
decay channels and W decays as ss̄ event by the described tagger. The left plot shows the CC channel,
the right the CN channel.

�

qq

�

q̄

q̄
h h

Fig. 124: The two contributions to h ! V � with V = ⇢,!,�, J/ ,⌥. Left: the direct amplitude,
proportional to the q-quark Yukawa; Right: indirect amplitude involve the h�� vertex.

7.4 Exclusive Higgs decays99

Exclusive Higgs decays to a vector meson (V ) and a photon, h ! V �, directly probe the Higgs bottom,
charm [620, 619] strange, down and up [607] quark Yukawas, as well as to the flavor violating couplings.
For improved theory predictions see [618]. Within the LHC, the Higgs exclusive decays are the only
direct probe of the u and d Yukawa couplings. If s-tagging will be implemented at the LHC, than the
strange Yukawa will be probed both inclusive and exclusive as charm and bottom. On the experimental
side, both ATLAS and CMS report first upper bounds on h ! J/ � [608, 609], h ! �� and h !
⇢� [715, 611]. The h ! V Z,ZW modes as a probe of the Higgs electroweak coupling are discussed
in [723]. Finally, Z exclusive decays are considered in [724, 725] and can be served as a test of QCD
factorisation.

The Higgs exclusive decays which involve V = ⇢,!,�, J/ ,⌥ are sensitive to the diagonal
Yukawa couplings. These receive contributions from two amplitudes which are denoted as direct and
indirect, see Fig. 124. The direct amplitude, first analysed in [726], involves a hard h ! qq̄� vertex and
sensitive to the q-quark Yukawa. The indirect process is mediated by h�� vertex which is followed by a
�⇤ ! V fragmentation. Since the indirect contribution is larger than the direct, the largest sensitivity to
the Higgs q-quark coupling is via the interference between the two diagrams.

99 Contact: Y. Soreq
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Figure 8. Predictions for the h ! J/! " and h ! !(1S) " branching ratios, normalized to the
h ! "" branching fraction, as functions of #c and #b, respectively, normalized to #e!!! . The SM
values are indicated by the red arrows.

would be unobservable. The strong suppression arises from an almost perfect cancellation

between the direct and indirect contributions to the decay amplitudes, which results from

the fact that in the SM Re"!(nS) " 1 within a few percent, see (3.39). Thanks to this

fortuitous fact, these decays o#er a much enhanced sensitivity to the e#ects of new physics.

For instance, the SM value of the h ! !(1S) " branching ratio of 4#10!9 can be enhanced

by a factor of more than 200 for #b/#e"!! " $1 or #b/#e"!! " 3. The first of these possibilities

would yield a h ! bb̄ rate consistent with current LHC measurements. For example, with

a hypothetical 25% measurement Br(h ! !(1S) ")/Br(h ! "") = (0.4 ± 0.1) · 10!3 one

would conclude from the figure that $1.21 < #b/#e"!! < $0.64, which would be a very

significant piece of information and a spectacular sign of new physics.

One may ask whether the current bounds obtained by the ATLAS collaboration already

have a significant impact on the Higgs couplings. Unfortunately this is not the case. We

find that the upper values reported in [20] imply approximately

!
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#e"!!
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"

"

2

< 78 , (4.4)

both at 95% CL. For comparison, we note that mt/mc " 268 and mt/mb " 60. In other

words, the current bounds derived from exclusive h ! V " decays imply that the couplings

of the charm and bottom quarks to the Higgs boson are not much stronger than the top-

quark Yukawa coupling (the more optimistic value |#c| < 220 was quoted in [25]).

We emphasize again that any experimental information on the rare radiative decays

h ! !(nS) " should be interpreted in terms of an allowed region in the two-dimensional

plane of the couplings #b/#e"!! and #̃b/#
e"
!! . The one-dimensional projection shown in figure 8

is meant for illustrative purposes only. It is interesting to speculate about some possible

scenarios that may arise at the end of the high-luminosity LHC run with an integrated

luminosity of 3 ab!1. Existing estimates of the precision achievable on the Yukawa coupling

to bottom quarks and the e#ective Higgs coupling to photons (our parameter |#e"!! |) suggest
that, at 95% CL, the quantity $b! defined in (4.3) can be measured with a precision at
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Figure 7. Predictions for the h ! !" and h ! #" branching ratios, normalized to the h ! ""
branching fraction, as functions of $̄!0 " (2$̄u + $̄d)/3 and $̄" " $̄s, respectively, normalized to
$e!## . The SM values are indicated by the red arrows.

been measured more precisely than today. The corresponding plot for h ! %" would

look identical to the left plot, but with a di!erent vertical scale. While the theoretical

uncertainties are small in all cases, we observe that the sensitivity of the branching ratios to

the modified Yukawa couplings is unfortunately rather week. For example, a hypothetical

10% measurement of the h ! !0" branching ratio at the SM value would imply that

|$̄!0/$e!"" | < 0.8, which is to say that a certain combination of the up- and down-quark

Yukawa couplings is bounded not to exceed 80% of the b-quark Yukawa coupling. A 1%

measurement would be required to obtain the more interesting bound |$̄!0/$e!"" | < 0.08,

which is still more than 100 times the SM value for $̄!0 given in (3.18). The situation

is not much better for the case h ! #". With a 10% measurement of the branching

fraction at the SM rate, one would be able to conclude that #0.55 < $̄#/$e!"" < 0.62. With

a 1% measurement one would obtain the bounds #0.04 < $̄#/$e!"" < 0.08, which would

come close to the SM value $̄# " 0.02. Such a measurement is however out of the reach

of the LHC.

We now turn to the more interesting cases of radiative Higgs decays into heavy quarko-

nium states. In figure 8 we show our predictions as a function of the physical parameters

$c (not $̄c) and $b, again assuming that the CP-odd couplings $̃c and $̃b vanish. In the

latter case the impact of a possible CP-odd coupling on the branching fraction can be

significant, and in the case of a measurement of a non-standard rate one should keep this

possibility in mind. From the left plot in the figure we conclude that a 20% measure-

ment of the h ! J/& " branching ratio at the SM value would allow one to constrain

#0.51 < $c/$e!"" < 3.07, which would provide quite interesting information on the CP-even

charm-quark Yukawa coupling. With a 10% measurement this range could be shrunk to

0.32 < $c/$e!"" < 1.53, and with a 5% measurement one could reach 0.75 < $c/$e!"" < 1.19.

Such accurate measurements serve as an interesting physics target for a future 100TeV

proton-proton collider.

The situation with the h ! "(nS) " decay modes is di!erent and quite interesting. In

the SM the corresponding branching fractions shown in (4.2) are so small that these decays

– 22 –
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FIG. 4: Signal and background distributions for the 4⌧ final state, where the signal corresponds to BM10max. The kinematic
quantities shown are (top left) the invariant mass of the 4⌧ system, and (top right) the average di-⌧ pair mass in the event.
Also shown are the distributions of the BDT output with uniform binning (bottom left) and optimized binning (bottom right).
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Figure 1 | Dark matter candidates indicating the interdependence of the
interaction cross-section and particle mass97. The candidate most
generically within reach of indirect detection belongs to the concept of
weakly interacting massive particles (WIMPs), predicted by a variety of
theories, most notably supersymmetry—that is, the neutralino. KK stands
for Kaluza–Klein, LTP refers to lightest t(ime-parity)-odd particle and CDM
is cold dark matter. Figure reproduced from ref. 97.

that range between factors of a few to orders of magnitude, depen-
dent on what target is chosen. For decaying dark matter, the
respective cross-section enters linearly, with the corresponding
integral being sometimes referred to as the ‘D-factor’.

These uncertainties per se do not impact on the credibility of any
discovery. However, an additional challenge for indirect detection
is the fact that astrophysical sources, especially in the usual regime
of limited statistics, can mimic sources of dark matter annihilation.
Whereas direct detection also su�ers from (comparably smaller)
astrophysical uncertainties,mainly in the darkmatter velocity distri-
bution and local dark matter density, direct detection appears to be
themost straightforwardmethod for discovery, leaving the credibil-
ity subject only to the ambiguity in controlling the experimental set-
ups and instrumental backgrounds. Particle collider searches can
discover dark matter candidates, and once the connection is made
between these candidates and cosmological dark matter, they have
the chance to elucidate the properties of dark matter. However, once
again, owing to the uncertain nature of the potential interaction
channels, collider searches might still fail even if the mass range
would su�ce. Finally, indirect dark matter search techniques can
benefit from serendipity. Discoveries in the high-energy universe
have the potential to reveal places with extremely promising char-
acteristics for dark matter studies, and the indication of anomalies,
interpreted as potential dark matter signatures, may arise as the by-
product of studying other astrophysical phenomena. The history
of discoveries in astronomy, cosmology and astroparticle physics
testifies that serendipity, while unable to deploy into an active search
method, did bring substantial insights.

How to search for dark matter using indirect methods?
There are a variety of anticipated experimental signatures of particle
dark matter that leave imprints in the observable energy spectra
and/or spatial distribution of gamma-ray photons or charged cosmic

rays. Statistical techniques to exploit such signatures—foremost
the multi-dimensional profile likelihood and template-fitting signal
decomposition—have had significant impact on the progress of
indirect detection.

A principal challenge for indirect detection methods is the issue
of source confusion and poorly determined backgrounds. It is well
known that, both for the gamma ray and the charged cosmic-
ray channel, pulsars provide spectral signatures that are in most
practical cases indistinguishable from dark matter. So far the only
known smoking-gun signal indirect detection can provide is there-
fore based on the unique spectral features, the most spectacular
being a spectral line originating from the annihilation of darkmatter
particles with each other, resulting in either two photons or a boson
and a photon (or both, for multiple lines)3,4. Generically, such pro-
cesses are suppressed, as they are almost exclusively possible via loop
processes, but di�erent mechanisms can lead to enhancements5.
Distinctive spectral features not only provide a smoking-gun signal,
but they also allow the experimentalist to choose a data-driven
method for inferring the background, as control regions are easily
defined in this case.

There are celestial regions where dark matter searches appear
more promising. As detailed below, this relates to the anticipation
of the successful distinction between dark-matter-related emission
signatures and the omnipresent astrophysical backgrounds. When
exploring over-densities in gravitationally boundmatter, the regular
morphology of dark-matter-related signals turns out to be a power-
ful discriminator against usually unevenly structured astrophysical
emissions. N -body simulations of the cosmic structure allow for
the prediction of spatial mass density profiles, with the common
features among them being smooth and regular density gradients
away from a central mass or mass assembly, parametrized as the
Navarro–Frenk–White, Einasto, Moore, or Burkert dark-matter-
halo density distributions6–9.

An indirect method seeking for evidence for dark matter ann-
ihilation on cosmological scales10 measures the cross-correlation
between astronomical object catalogues11–13 or gravitational distor-
tion in the weak lensing regime14,15 and the extragalactic gamma-
ray background. Whereas a positive correlation is the principal
evidence for the cosmological origin of the extragalactic gamma-ray
background, cross-correlation signals originating from dark matter
annihilation are anticipated to be di�erent from those of astrophys-
ical foregrounds. The intensity, spectrum, and spatial distribution
of resolved and unresolved gamma-ray sources, as well as large-
scale galactic emission16,17, leave imprints on di�erent angular scales
than those of annihilating dark matter particles. The degeneracy
between di�erent scenarios and contributions is anticipated to be
reduced when the angular cross-correlation is investigated by con-
sidering a multitude of astronomical object catalogues, and in dif-
ferent energy windows. Another way to investigate the extragalactic
gamma-ray background for dark-matter-induced angular features
(anisotropies) on the cosmological scale emerged by considering the
auto-correlation angular power spectrum18–20. The predicted shape
of the angular power spectrumof gamma rays originating fromdark
matter annihilation deviates from that caused by other astrophysical
sources where intensity and density scale linearly. Guaranteed con-
tributions from unresolved sources to the extragalactic gamma-ray
background, as well as astrophysical foregrounds leaving imprints in
the angular power spectrum, render the interpretation of the results
from this method strongly conditional on the assumptions of the
analysis methodology.

Experimental techniques in cosmic-ray physics o�er su�ciently
precise measurements of the charge, charge-sign, momentum and
mass to identify individual cosmic-ray particles or nuclei over a
large energy range. This energy scale conveniently corresponds
to the mass range of WIMPs. Anomalies in cosmic-ray spectra,
or more precisely in the measurements of antiparticles such as
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Figure 1 | Dark matter candidates indicating the interdependence of the
interaction cross-section and particle mass97. The candidate most
generically within reach of indirect detection belongs to the concept of
weakly interacting massive particles (WIMPs), predicted by a variety of
theories, most notably supersymmetry—that is, the neutralino. KK stands
for Kaluza–Klein, LTP refers to lightest t(ime-parity)-odd particle and CDM
is cold dark matter. Figure reproduced from ref. 97.

that range between factors of a few to orders of magnitude, depen-
dent on what target is chosen. For decaying dark matter, the
respective cross-section enters linearly, with the corresponding
integral being sometimes referred to as the ‘D-factor’.

These uncertainties per se do not impact on the credibility of any
discovery. However, an additional challenge for indirect detection
is the fact that astrophysical sources, especially in the usual regime
of limited statistics, can mimic sources of dark matter annihilation.
Whereas direct detection also su�ers from (comparably smaller)
astrophysical uncertainties,mainly in the darkmatter velocity distri-
bution and local dark matter density, direct detection appears to be
themost straightforwardmethod for discovery, leaving the credibil-
ity subject only to the ambiguity in controlling the experimental set-
ups and instrumental backgrounds. Particle collider searches can
discover dark matter candidates, and once the connection is made
between these candidates and cosmological dark matter, they have
the chance to elucidate the properties of dark matter. However, once
again, owing to the uncertain nature of the potential interaction
channels, collider searches might still fail even if the mass range
would su�ce. Finally, indirect dark matter search techniques can
benefit from serendipity. Discoveries in the high-energy universe
have the potential to reveal places with extremely promising char-
acteristics for dark matter studies, and the indication of anomalies,
interpreted as potential dark matter signatures, may arise as the by-
product of studying other astrophysical phenomena. The history
of discoveries in astronomy, cosmology and astroparticle physics
testifies that serendipity, while unable to deploy into an active search
method, did bring substantial insights.

How to search for dark matter using indirect methods?
There are a variety of anticipated experimental signatures of particle
dark matter that leave imprints in the observable energy spectra
and/or spatial distribution of gamma-ray photons or charged cosmic

rays. Statistical techniques to exploit such signatures—foremost
the multi-dimensional profile likelihood and template-fitting signal
decomposition—have had significant impact on the progress of
indirect detection.

A principal challenge for indirect detection methods is the issue
of source confusion and poorly determined backgrounds. It is well
known that, both for the gamma ray and the charged cosmic-
ray channel, pulsars provide spectral signatures that are in most
practical cases indistinguishable from dark matter. So far the only
known smoking-gun signal indirect detection can provide is there-
fore based on the unique spectral features, the most spectacular
being a spectral line originating from the annihilation of darkmatter
particles with each other, resulting in either two photons or a boson
and a photon (or both, for multiple lines)3,4. Generically, such pro-
cesses are suppressed, as they are almost exclusively possible via loop
processes, but di�erent mechanisms can lead to enhancements5.
Distinctive spectral features not only provide a smoking-gun signal,
but they also allow the experimentalist to choose a data-driven
method for inferring the background, as control regions are easily
defined in this case.

There are celestial regions where dark matter searches appear
more promising. As detailed below, this relates to the anticipation
of the successful distinction between dark-matter-related emission
signatures and the omnipresent astrophysical backgrounds. When
exploring over-densities in gravitationally boundmatter, the regular
morphology of dark-matter-related signals turns out to be a power-
ful discriminator against usually unevenly structured astrophysical
emissions. N -body simulations of the cosmic structure allow for
the prediction of spatial mass density profiles, with the common
features among them being smooth and regular density gradients
away from a central mass or mass assembly, parametrized as the
Navarro–Frenk–White, Einasto, Moore, or Burkert dark-matter-
halo density distributions6–9.

An indirect method seeking for evidence for dark matter ann-
ihilation on cosmological scales10 measures the cross-correlation
between astronomical object catalogues11–13 or gravitational distor-
tion in the weak lensing regime14,15 and the extragalactic gamma-
ray background. Whereas a positive correlation is the principal
evidence for the cosmological origin of the extragalactic gamma-ray
background, cross-correlation signals originating from dark matter
annihilation are anticipated to be di�erent from those of astrophys-
ical foregrounds. The intensity, spectrum, and spatial distribution
of resolved and unresolved gamma-ray sources, as well as large-
scale galactic emission16,17, leave imprints on di�erent angular scales
than those of annihilating dark matter particles. The degeneracy
between di�erent scenarios and contributions is anticipated to be
reduced when the angular cross-correlation is investigated by con-
sidering a multitude of astronomical object catalogues, and in dif-
ferent energy windows. Another way to investigate the extragalactic
gamma-ray background for dark-matter-induced angular features
(anisotropies) on the cosmological scale emerged by considering the
auto-correlation angular power spectrum18–20. The predicted shape
of the angular power spectrumof gamma rays originating fromdark
matter annihilation deviates from that caused by other astrophysical
sources where intensity and density scale linearly. Guaranteed con-
tributions from unresolved sources to the extragalactic gamma-ray
background, as well as astrophysical foregrounds leaving imprints in
the angular power spectrum, render the interpretation of the results
from this method strongly conditional on the assumptions of the
analysis methodology.

Experimental techniques in cosmic-ray physics o�er su�ciently
precise measurements of the charge, charge-sign, momentum and
mass to identify individual cosmic-ray particles or nuclei over a
large energy range. This energy scale conveniently corresponds
to the mass range of WIMPs. Anomalies in cosmic-ray spectra,
or more precisely in the measurements of antiparticles such as
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Figure 5 | Sketch of the constraints on a simplified model of WIMP DM
where a particle with axial vector couplings of 1.0 and 0.25 to DM and SM
respectively is exchanged. The constraints from mono-X (exclusion region
in red) and dijet DM searches (exclusion region in blue) are shown in the
plane of dark matter mass versus mediator mass. The couplings
represented in this sketch and its general features are inspired by LHC dijet
and mono-X results50,58,59,80.

andCMS dijet searches constrain axial vectormediatormasses from
1.1 TeV to 2.5 TeV in the axial vector scenario used for mono-X
searches above. As the parameter space for the mass of the mediator
particle in these simplifiedDMmodels is only loosely constrained by
the relic density49,60, searches for particles with mass above the TeV
are not su�cient to cover the full parameter space. This motivates
additional interest in rare, low-mass resonances not yet excluded by
previous collider searches57, which benefit from the higher collision
rates. Whilst there is no issue in recording all background and
possible signal events at the highest invariantmasses, only a reduced
fraction of events from high-rate processes at lower invariant
masses can be fully recorded during data taking. To overcome this
limitation, LHC searches for particles with invariant masses below
1TeV either record only a limited amount of information rather
than the full event61, or target new particles that are produced in
association with a highly energetic jet or from radiation of the initial
state quarks and gluons (ISR). One example of such a final state is
given by the process in Fig. 4b, with the di�erence that the final state
DM particles are replaced by SM quarks62. These searches can probe
mediator masses as low as 100GeV.

The complementarity between searches for WIMP DM particles
and searches for mediator particles using the axial vector simplified
model is illustrated in the sketch of constraints from mono-X and
dijet searches in the DM versus mediator mass plane, in Fig. 5.
Mono-X searches cover the model parameter space where the mass
of the DMparticle is lower than two times themediatormass, allow-
ing the mediator to decay on-shell to DM particles. Dijet searches
are more sensitive at higher mediator and higher DM masses with
respect to mono-X searches, as in that region of the parameter space
DM decays of the mediator are suppressed with respect to dijet
decays. The parameter space covered by mono-X and dijet searches
is however highly dependent on the choice of quark couplings.

Common interpretation of collider and non-collider results
The comparison of collider results with non-collider results
involves a common theoreticalmodel, therefore requiring additional
assumptions to be taken into account. For example, for non-collider
results these assumptions include the knowledge of relic density
and the DM density in the vicinity of the Earth or of the Galactic
Centre, while for collider results details of the production and
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spin-dependentWIMP–proton scattering cross-section for DM searches
at colliders (red line) and at direct detection experiment probing di�erent
regions inWIMPmass (green lines). The model parameters represented in
this sketch and its general features are inspired by the results of LHC
monojet and DD searches50,70,80–82, but this figure has only an illustrative
purpose. This comparison is performed within a simplified model in which a
vector boson is exchanged to mediate the SM–DM interaction with DM and
SM quark couplings fixed to unity and 0.25 respectively. It should be noted
that the absolute exclusion of the collider result in this kind of comparison,
as well as its relative importance, will depend on the chosen coupling and
model scenario. Therefore, the comparison of collider limit with DD
excluded regions in this kind of plot is not applicable to other choices of
coupling values or models. Adapted from ref. 50, APS.

decay mechanisms in particle collisions have to be specified. These
comparisons are often performed using observables used for the
presentation of results of non-collider searches, namely the cross-
section of the annihilation of DM particles to SM particles or the
cross-section of the scattering between nucleons and DM particles.

The parameter space of complete new physics models such as
SUSY is inherently linked to the constraints on WIMP DM (see
for example, refs 63–67). SUSY searches at colliders and searches
from DD/ID experiments, as well as flavour physics and precision
electroweak measurements and the measured value of the DM relic
density, can be used to constrain the parameter space of full SUSY
models, assuming that the LSP is the DM candidate.

As described in detail in ref. 68, a collider and non-collider
searches can also be compared when interpreted in the framework
of simplified models. In this approach, constraints on simplified
models from collider searches are translated into upper limits
on the DM–nucleon scattering cross-section, and analysed as a
function of the mass of the DM particle. The details of these
comparisons depend on the assumed interaction structure and
coupling scenarios of the simplified model. As an illustrative
example, ref. 68 recommends an example coupling scenario to
compare the results of collider and DD experiments. A sketch of
such a comparison is shown in Fig. 6. We note that this is just
one example, and the details of such comparisons depend on the
model assumptions. At the same time, such comparisons in the
framework of simplified models show that the sensitivity of collider
experiments can complement that of non-collider experiments for
di�erent interaction structures and certain kinematic regions. For
example, this could be the case for low DMmasses where the direct
detection is limited by experimental thresholds.
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The body of DM model literature can be divided into two extremes. Fully specified, self-
consistent models such as SUSY provide specific features that can be exploited for narrowly
targeted searches, while simplified models with a few components can capture broad collider
signatures of classes of models, serving as benchmarks for more general but less optimal searches.
Key to both are the determinative details of the interactions between DM and ordinary matter,
rather than DM itself.

To restrict the scope of this review, we emphasize (a) models where the DM has an effective
interaction with Standard Model particles such that it can be produced in colliders; (b) models
that include Z2 symmetry to stabilize DM; (c) models connecting to the most commonly studied
cosmological history, where it is assumed that DM is in thermal equilibrium in the early Universe
and freezes out to the current abundance [see Reference 10 for an overview; we briefly comment
on others with alternate cosmological histories, which also have interesting signatures (11–13)];
(d ) models in which the DM is a Dirac fermion; and (e) models that mimic the pattern of flavor
violation found in the Standard Model, referred to as minimal flavor violation (MFV) (14). These
are the models used in LHC Run 2 searches. Departures from these assumptions are discussed
in Reference 15.

2.1. Higgs and Z Boson Portals
Extending the Standard Model with a single DM particle, one may arrive at models where the
Higgs boson or the Z boson mediates the DM–Standard Model interaction, also called portal
models. The Higgs boson and the Z boson in these models are examples of mediators, particles
governing the DM–Standard Model interaction. Figure 1b,c shows example Feynman diagrams.

Higgs portal models (16, 17) can be constructed by adding only DM and no other new particles
to the Standard Model. Only the most recent recent generations of collider and DD experiments
have reached the energies and luminosities necessary to search for such DM. Direct collider
searches for the invisibly decaying Higgs bosons are augmented by measurements of other Higgs
properties, which can be very sensitive to couplings to new particles.

Z portal models are strongly constrained by LEP and DD experiments (described in
Reference 18 and Section 3.1). Either of these mediators (the Z or Higgs boson) is light in com-
parison to the LHC energy and can be produced on-shell, so collider searches may still constrain
these models through precision studies of the visible decays of the Z and Higgs bosons, even if
the invisible particles are much heavier and invisible decays of the mediator are absent.

SM

SM DM

DM
a

SM SM

SM DM

DM
b

gq g!

d
SM

SM

SM

SM

gq gq

c SM

SM

SM

gq!

gq!

DM
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Figure 1
(a) The interaction between DM and Standard Model particles via an unspecified interaction (e.g., an EFT).
(b,c) Examples of simplified model processes where the interaction is mediated by an intermediate particle
(with additional radiation off one of the initial-state quarks). (d) The same model, in which the mediator
decays back into Standard Model particles, with coupling constant gq for the mediator–quark–quark vertex
and constant g! for the mediator–DM vertex. Abbreviations: BSM, beyond the Standard Model; DM, dark
matter; EFT, effective field theory; SM, Standard Model.
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Massive color-neutral spin-1 bosons with vector or axial–vector couplings are nearly ubiquitous
in BSM theories, so Z! bosons as the mediators connect with a wide class of models (23). Since
the Z! coupling to quarks must be nonzero for its production at the LHC, both invisible and
dijet signatures are discovery channels. This coupling (or loop-level coupling) to Standard Model
partons is also required for nuclear recoils in underground DM searches.

The models in use at ATLAS and CMS contain vector, axial–vector, or mixed couplings to
quarks and a single species of invisible particle. The couplings of the Z! boson (gq to all quarks, g!

to leptons, and g" to invisible particles), the mass of the invisible particle m" , and the Z! mass M med

are free parameters. Lepton decays, if not included explicitly at tree level, arise through the quark
coupling at loop level (see Reference 36 and references therein). Decays of the spin-1 mediator
into neutrinos are also required by gauge invariance, and add an invisible decay channel that can
enhance signatures of missing transverse momentum, depending on the size of the couplings (36).
The spin structure of the Z! couplings does not significantly change the LHC phenomenology,
but it has a much greater effect in signals in noncollider searches. Figure 1b,d depicts an example
process for this model for the case of invisible and visible decays, respectively. The rate of vis-
ible decays will increase quickly with increasing gq. In order to show the interplay between the
constraints from visible and invisible searches in different decay channels of the mediator, LHC
searches adopt different benchmark coupling scenarios (described in Reference 36 and discussed
in Section 3.5.1), where the coupling to DM is set to unity, the coupling to quarks is set to either
0.25 or 0.1, and the coupling to leptons is set to 0, 0.1, or 0.01. Those choices are made on the
basis of the current LHC search sensitivity (see Section 3.5.1). These coupling values also ensure
that the model is still perturbative in most of the parameter space tested by LHC searches (for
a discussion of unitarity and gauge invariance for these models, see Reference 30) and that the
mediator width is small compared with its mass.

Models mediated by a Z! boson can include additional couplings of the Z! boson to acquire
mass through a new baryonic Higgs boson, hB (38), through a coupling ghZ! Z! . This model variant
collapses to the simpler vector model above in the limit of very heavy Z! boson mass. Figure 2a
shows an example Feynman diagram for this case. These models can also be embedded in a type II
two–Higgs doublet model (2HDM) (37), as shown in Figure 2b.

With appropriate values of the model parameters, these models can satisfy the relic density
constraints (39). However, taken in isolation, the axial–vector model is nonrenormalizable, and

SM
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Figure 2
(a) Example of a process including baryonic coupling between a vector mediator Z! and an SM Higgs boson.
The Z!–Higgs coupling is denoted ghZ! Z! . (b) Example of a process from a U(1) Z! boson embedded in a
2HDM, where a vector Z! decays to a pseudoscalar A0 that in turn decays to DM particles. (c,d ) Examples of
a simplified model process where the interaction is mediated by an intermediate scalar or pseudoscalar
particle. In panel c, the SM–scalar interaction proceeds through a gluon loop (87), whereas in panel d, the
pseudo(scalar) is produced in association with a pair of heavy-flavor quarks. The coupling constants that are
prefactors to the Yukawa couplings in the model are denoted gq for the mediator–quark–quark vertex and g"

for the mediator–DM vertex. Abbreviations: A0/a , pseudoscalar bosons; b , bottom quark; DM, dark matter;
g, gluon; h, SM Higgs boson; S, heavy scalar boson; SM, Standard Model; t, top quark; Z!, vector mediator;
2HDM, two–Higgs doublet model.
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Figure 3
(a) Example of a process leading to a single top signature, proceeding through the coupling of a u and a t
with a new vector boson, decaying to DM particles. (b) Example of a collider diagram from a coannihilation
model, where two DM particles are present in the final state (one denoted DM and the other X).
(c) Example of a diagram from a 2HDM process, with an interaction between an H , an SM Z boson, and an
a mediating the SM–DM interaction. Abbreviations: a , pseudoscalar boson; DM, dark matter; g, gluon; H ,
heavy Higgs boson; SM, Standard Model; t, top quark; u, up quark; V, vector mediator; X , coannihilating
DM partner, 2HDM, two–Higgs doublet model.

is no broad consensus on which models should be a priority, very few of them have been explicitly
considered by LHC searches. Here, we highlight a few such models with signatures different from
those of the simplified models described above.

Models with more complex flavor violation structure than the Standard Model are just as
motivated as those assuming MFV. But when constructing viable non-MFV models one must
carefully evaluate many experimental constraints on flavor-violating processes (48). Mediators that
couple to DM and a top quark appear in one category of flavor-violating model that remains least
constrained by low-energy measurements (49). These yield a distinct “monotop” LHC signature,
as shown in Figure 3a.

Coannihilation models add two species of dark sector particles with similar masses (see Refer-
ences 50 and 51 for examples). The interaction between these two states drives the cosmological
history (3), as processes involving both types of particles can efficiently annihilate into Standard
Model particles. LHC signatures include missing transverse momentum accompanied by multiple
jets and/or by the decay products of the additional resonant particles in the model in addition to
the invisible particle signatures, as in Figure 3b. The signatures can be very diverse, encompassing
some typically considered in searches with very different motivation than DM (e.g., searches for
leptoquarks). In some cases, these signatures have not received much attention from any current
LHC search (50).

Ultimately, we do not yet know whether the Standard Model Higgs boson is alone in the scalar
sector, nor whether a single scalar mediator encodes all of the important features of the complicated
phenomenology of more complex scalar sectors. A step beyond the simple scalar mediator model,
dictated by gauge invariance, is to take mixing between this mediator and the Standard Model
Higgs boson into account (37, 44). A much larger step beyond that is to consider an extended
Higgs sector such as a 2HDM, in which one or more of the scalars acts as the mediator between
DM and ordinary matter (43, 52, 53). In such models, the new mediator mixes with the Higgs
partners rather than with the Standard Model Higgs boson, so the model remains compatible with
Higgs measurements. Some models developed for LHC searches focus on one Yukawa structure
(type II) (54). Their particle content includes two CP-even bosons (of which one is the Standard
Model Higgs boson), two CP-odd bosons (of which one is the pseudoscalar DM mediator), two
charged Higgs bosons, and the invisible particle. Masses and couplings of these models are chosen
to respect vacuum stability (53) as well as electroweak and flavor constraints, and to reproduce the
observed DM abundance. Figure 3c shows an example Feynman diagram.
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Missing transverse momentum,

inferred from momentum conservation

Invisible
DM particle

LHC detector
transverse

cross-section
LHC collision

interaction
point

Visible particles:
photons, jets, ...

Invisible
DM particle

Figure 2 | Schematic illustration of missing transverse momentum from
DM production inferred from the recoil of visible particles, in a general
purpose LHC detector.

In SUSY models, each of the SM particles has a supersymmetric
partner, with spin di�ering by a half-integer with respect to its
counterpart. To comply with experimental observations where
baryon and lepton number are conserved, a symmetry called R-
parity is often assumed in specific incarnations of SUSY models. As
a consequence of this symmetry, the lightest SUSY particle (LSP) is
stable and can be identified with theWIMPDM candidate. Collider
signals of SUSY are characterized by cascade decays of superpartner
particles terminating in the LSP, as shown in Fig. 3. These signals
produce a final state signature in the detector that is rich in
collimated sprays of particles (jets) from quarks and gluons, in some
cases accompanied by leptons and photons, alongside a significant
amount of missing transverse momentum. Experimental search
strategies for SUSY searches discriminate signal and background
events by the amount of missing transverse momentum, by the
number of the other objects produced in the collision, and by
kinematic quantities that are functions of the visible particle masses
and the missing transverse momentum in the event.

A complete SUSY theory framework with full predictive power
has a large number of parameters, as all superpartner masses and
interactions with SM particles need to be specified. The benchmark
models for many SUSY searches at the LHC are, rather than
full theories, simplified SUSY models26. Rather than predicting
specific experimental signatures for one particular choice of model
parameters, simplified models approximate the features of SUSY
signals at LHC energies.

Simplified models separate the masses of the SUSY particles
involved in a limited number of decays from the rest of the
superpartner particles, by setting most of the SUSY particle masses
above the collider centre-of-mass energy. This simplifies the possible
decay modes, fixes their relative rates, and generally reduces the
complexity of a complete SUSY theory while still describing the
relevant phenomenology of LHC searches for individual SUSY
particle production and decay modes. LHC results interpreted
as simplified models can still be related to the more complex

Proton

Proton

Supersymmetric
quark/gluon

partners

Supersymmetric
W/Z partners

Lightest
supersymmetric

particles

Missing
transverse

momentum

Missing
transverse

momentum

p,  ⇡, ... ! jets W, Z ! leptons, jets,...

Figure 3 | A typical production and decay chain involving SUSY particles.
DM is at the end of the decay chain, leading to missing
transverse momentum.

behaviour of SUSY theories (see, for example, refs 27,28). So far,
no experimental evidence for SUSY has been found. For details on
the experimental constraints on SUSY particles see the experimental
SUSY review in ref. 29.

General searches for DM: e�ective field theories and simplified
models. While the searches in the context of complete theoretical
frameworks such as SUSY remain a focus of the LHC, in recent
years the DM search program has been augmented by a model-
agnostic approach. The starting point for generic DM searches is
the basic interaction between SM particles andWIMPs, as shown in
Fig. 4a. The basic process sought at colliders is the pair production
of DM, in association with one or more additional SM particles, as
sketched in Fig. 4b. Events are selected for these types of searches if
they contain a high-momentum object (for example, a jet, a photon,
a vector boson...) radiated by the initial state quarks and gluons,
in combination with significant missing transverse energy (Emiss

T ).
This signature is motivated by the assumption that proton–proton
collisions produce two WIMPs, which remain undetected in the
experiments but can be inferred from themeasuredEmiss

T in the event
as they recoil against the energetic mono-object. Given the presence
ofmissing transversemomentumand of at least one highly energetic
object, this search approach is sometimes calledmono-X12,30–37. This
has become a standard search strategy at colliders.

Early LHC mono-X searches employed an e�ective field theory
(EFT) approach to interpret the experimental results in terms of
DM34,35 and compare them to results of DD and ID experiments.
Within the EFT approach, SM and DM particles interact through
a four-point e�ective (contact) interaction. This is akin to the
Fermi theory describing weak interactions before the introduction
of the W and Z bosons38. Heavy particles mediating the SM–DM
interactions are mapped to generic e�ective operators. These
operators are characterized by the energy scale at which the SM–DM
interactions would occur. They capture the characteristics of the
SM–DM interaction as long as the states mediating the interaction
are heavier than the operator’s energy scale39,40. Searches at the
LHC Run 1 constrained numerous operators up to energy scales of
1.5 TeV (refs 41,42).

In its simplicity, the EFT approach is an attractive tool to
encapsulate the relevant degrees of freedom and phenomenology
for WIMP interactions without introducing the complexity of a full
theory, but the EFT description of DM at colliders may break down
at energies corresponding to the scales of the particlesmediating the
SM–DM interaction. It is therefore fruitful to take one step beyond
the simple EFT approach to further probe the interaction between
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Figure 4
The /ET distribution of events, termed Emiss

T in the x axis, selected for high total hadronic energy and at least
two jets with pT > 400 and 200 GeV, before (open circles) and after ( filled circles) rejection of spurious /ET
backgrounds (83). The predictions of Monte Carlo simulations (shaded areas) are also shown. Strong
noncollision background suppression is vital to X+/ET analyses.

the analysis but also better isolate signal-like events. For example, contributions from W bosons
decaying to leptons are reduced by vetoing events with leptons, and top quark pair production is
reduced by limiting the number of jets present. The remaining Standard Model multijet processes
can exhibit high /ET when one or more jets are mismeasured. Such mismeasurements often result
in /ET along the axis of a jet, and this feature is used to reduce the background to approximately
1% of the total. Noncollision events (e.g., intersecting cosmic rays, beam–gas interactions, and
calorimeter problems) can also produce spurious /ET. Figure 4 shows that such events dominate a
high-/ET data sample unless they are rejected with criteria tailored to the expected collision time
and detector hardware.

After the above criteria are satisfied, one arrives at a sample composed mainly of invisible decays
of the Z boson (approximately 55–70% of the total background). A substantial rate of semilep-
tonic decays of the W boson also survives the lepton veto when the lepton is not reconstructed
(approximately 20–35% of the total background). The main observable is typically the number
of events in one or more /ET regions with events selected to be enriched in contributions from
signal processes (signal regions). Signal regions are either exclusive (in bins of /ET) or inclusive
(considering all events above a given /ET threshold).

Because invisible particles have feeble interactions with the colliding partons, and thus low
production cross sections, these searches need precise estimates of the shapes of the backgrounds,
especially in the low-/ET regions. A background estimate made solely on the basis of Monte Carlo
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Figure 2: (a) Values of the neutrino masses as functions of the lightest mass m1 in the normal
mass spectrum obtained with the squared-mass di!erences in Tab. 1. (b) Corresponding
values of the neutrino masses as functions of the lightest mass m3 in the inverted mass
spectrum.
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Decay rate ~ |𝜈e effective mass|2 × |nuclear matrix element|2 × phase space

~ 1 / 1027 yr (!)

S. Pascoli, CERN Courier, July 8 2016

6 E!ective Majorana mass

The existing atmospheric, solar, and long-baseline reactor and accelerator neutrino oscillation
data are perfectly described by the three neutrino mixing paradigm (see Section 2), with

!lL =
3!

i=1

Uli!i (l = e, µ, "). (6.1)

Using the standard parameterization in Eq. (2.2) of the three-neutrino mixing matrix, the
e!ective Majorana mass in ##0! decay can be written as

|m""| = |c213c212e2i#1m1 + c213s
2
12e

2i#2m2 + s213m3|, (6.2)

where $i = %i + &.
Since the values of the mixing angles and of the squared-mass di!erences are known from

oscillation data (see Table 1), the value of |m""| can be plotted as a function of the lightest
neutrino mass mmin = m1 in the normal spectrum and mmin = m3 in the inverted spectrum,
as shown in Fig. 7, where we used the relations (2.11) and (2.12). The largeness of the
allowed bands are mainly due to our complete ignorance of the values of the two phases
$1 and $2, which can cause significant cancellations between the contributions to |m""| in
Eq. (6.2) (see Refs. 186–189). Figure (7) shows that a complete cancellation is not possible
in the case of an inverted spectrum, for which |m""| is bounded to be larger than about
2! 10!2 eV. In the case of a normal spectrum a complete cancellation is not possible in the
quasi-degenerate region, but it is possible in the normal hierarchy region for mmin = m1 in
the approximate interval (2" 7)! 10!3 eV.

The lower bound on |m""| of about 2 ! 10!2 eV in the case of an inverted spectrum
provides a strong encouragement for the experimental searches of ##0! decay in the near
future, with the aim of measuring ##0! decay if the neutrino masses have an inverted spec-
trum or excluding the inverted spectrum if no signal is found. Let us stress, however, that
if ##0! decay is discovered in these experiments the problem of the determination of the
type of neutrino mass spectrum will remain unsolved. In fact, from Fig. 7 one can see that
the case of an inverted hierarchy can be established only if it is known independently that
mmin ! 10!2 eV. Otherwise, the neutrino mass spectrum can be either normal or inverted,
with nearly quasi-degenerate masses.

Since it is di"cult to measure directly the value of mmin and the current and near-future
measurements of the absolute values of neutrino masses are done through the measure-
ments of the e!ective electron neutrino mass m" in #-decay experiments and through the
measurements of the sum

"
k mk of the neutrino masses in cosmological experiments (see

Section 2.6), it is useful to plot the allowed interval of |m""| as a function of these two
quantities [190–193], as done15 in Figs. 8 and 9. One can see that the allowed regions in the

15 Note that, contrary to some similar figures published in the literature, Figs. 8 and 9 take into account
the uncertainties of m! and of

"
k mk induced by the uncertainties of the neutrino oscillation parameters

(given in Tab. 1).
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Fig. 3. (a) Individual constraints on the coe!cients of the leading CP-violating operators affecting gluon fusion (O HG̃ ) and vector-boson fusion (O H W̃ ). The blind direction re-
sulting from inclusive !" j j measurements is resolved through the use of VBF-enhanced and VBF-suppressed kinematic regions. (b) Individual constraints on two CP-violating 
interactions affecting vector-boson fusion (O H W̃ and O H B̃ ). The results are obtained using pseudo-data, and the inner and outer shaded regions represent the 68.3% and 
95.5% CI, respectively.

data, since the measurements are dominated by either signal or 
background statistical uncertainties. A two-bin signed !" j j distri-
bution is constructed in VBF-enhanced and VBF-suppressed regions 
in the h ! # # channel, using the published differential cross sec-
tions and SM expectations for the Njet " 2 and VBF-enhanced phase 
spaces from [25].

The results of the global analysis of the pseudo-data are shown 
in Fig. 3(a) when constraining the O HG̃ and O H W̃ operator coef-
ficients, with all other Wilson coe!cients set to zero. It is clear 
that these operators can be distinguished by appropriate measure-
ments of signed-!" j j in VBF-enhanced and VBF-suppressed phase 
spaces, and the constraints are further improved with the addition 
of the $ decay-angle observable in events with Njet < 2. Further-
more, the addition of the $ variable allows the extraction of the 
O H B̃ or O H W̃ B coe!cient. Fig. 3(b) shows the constraints on the 
O H B̃ coe!cients using the decay angle information alone, and the 
improvement in the 2D plane when the signed !" j j information 
is added.

The combination of all CP-sensitive observables is important 
when constraining all operators simultaneously. To demonstrate 
this we recalculate the 2D constraints after marginalising over the 
other CP-odd operators. The marginalisation is subject to a pertur-
bativity constraint such that

!

i

|% i
BSM#SM|/%SM < 0.5, (9)

where % i
BSM#SM is the cross section of the interference term in 

bin i of the observable.4 This requirement ensures that potential 
(ci/&

2)2 contributions to the interference term 2Re
"
M'

SMMd6
#
, 

which include diagrams with two dimension-6 vertices, will be 
smaller than the leading term ci/&

2 that we consider in our anal-
ysis. With the current data the marginalisation over parameters 
within the perturbativity constraint does not have a significant ef-
fect, as shown in the top plots of Fig. 4. If we drop this constraint 
the blind directions are clear (bottom row of Fig. 4), showing that 
as the measurements improve the combination of observables will 
become more important.

4 The modulus is taken to avoid cancellation that would otherwise result from 
summing across all bins of the measured observable.

Table 3
Expected 1D constraints on Wilson coe!cients for each EFT operator, in units 
of TeV$2, after marginalising over all other coe!cients.

Coe!cient [TeV$2] 36.1 fb$1 300 fb$1 3000 fb$1

cHG̃/&2 [$0.19,0.19] [$0.067,0.067] [$0.021,0.021]
cH W̃ /&2 [$11,11] [$3.8,3.8] [$1.2,1.2]
cH B̃/&2 [$5.9,5.9] [$2.1,2.1] [$0.65,0.65]
cH W̃ B/&2 [$14,14] [$4.9,4.9] [$1.5,1.5]

Table 4
Expected sum of the moduli of the positive and negative interference 
contributions from CP-odd operators relative to the SM cross-section, 
see Eq. (9), allowed by the constraints in Table 3 at a given luminosity.

Coe!cient [TeV$2] Allowed magnitude of CP-odd contribution

300 fb$1 3000 fb$1

cHG̃/&2 33% 10%
cH W̃ /&2 47% 15%
cH B̃/&2 8% 2%
cH W̃ B/&2 25% 8%

Although the blind directions can be lifted with the current 
dataset, the obtained constraints on CP-odd operators that affect 
the Higgs boson coupling to weak bosons are relatively weak 
(ci/&

2 > 1 TeV$2). This will be improved by increasing the inte-
grated luminosity to increase the precision of these measurements. 
In Fig. 5 and Table 3 we present the expected 1D and 2D con-
straints with larger datasets of 300/fb (corresponding to the end 
of LHC Run-3) and 3000/fb (corresponding to the end of HL-LHC), 
for the full combination of differential measurements we con-
sider. Since the uncertainties are dominantly statistical, a simple 
extrapolation should be accurate up to the highest expected lumi-
nosities. For the HL-LHC the results improve dramatically and the 
constrained values of ci/&

2 approach unity. To demonstrate the 
perturbative validity of the expected constraints, the magnitude of 
the interference contribution to the most sensitive distribution, rel-
ative to the SM contribution, is estimated using the left-hand side 
of Eq. (9) and summarised in Table 4 for datasets of 300/fb and 
3000/fb.

It is worth noting that the Run-3 and HL-LHC constraints pre-
sented above are simple extrapolations of current ATLAS results 
(and those that are already possible) to higher luminosities, and 
a number of other measurements can in principle be made that 
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