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1 Introduction

Dark matter at the weak scale is under pressure. “Dark” particles, i.e., new particles
with weak interactions with the standard model (SM), have been searched for extensively
at colliders, as well as in direct and indirect detection experiments. The absence of any
clear evidence suggests that either the hypothesis of weak-scale dark matter needs to be
rethought or it is simply eluding observation. Yet, dark particles with masses in reach of
high-energy colliders are well motivated candidates of thermal relics [1-3]. Beyond dark
matter, sectors of dark particles with Higgs boson interactions can facilitate electroweak
baryogenesis [4, 5]. We therefore take up the position that a dark sector around the weak
scale might very well exist. But we need to extend current searches to cover the full range
of its possible manifestations.

Focusing on high-energy colliders, LHC searches for missing energy from resonant
dark particles have already tested some of the theory space of dark sectors [6, 7]. However,
missing energy searches can loose their power if dark particles are heavy and/or their
production cross section is small, if visible decay products are soft and hard to observe,



if SM backgrounds are large and difficult to overcome. In such situations, it is important
to explore dark sectors through indirect searches for virtual dark particles in SM precision
observables. Two areas that are and will continue to be under particular scrutiny at the
LHC and future lepton colliders (FLC) are the Higgs boson and electroweak interactions.
Precise predictions and measurements in these areas allow us turn SM tests into indicators
of dark sectors. Collider searches for virtual effects of dark matter have recently been
explored for instance in refs. [8-12].

The goal of our work is to show that indirect searches for dark sectors can be comple-
mentary and sometimes superior to direct searches with missing energy. We will substan-
tiate this statement using the example of a simple model of new Majorana fermions inter-
acting with the SM through the Higgs boson, known as the singlet-doublet fermion Higgs
portal. Our model is similar to the bino-higgsino scenario in the minimal supersymmetric
standard model (MSSM) [13], except that the couplings are not set by supersymmetry,
but free parameters. The singlet-doublet model has received a lot of attention, due to its
interesting phenomenology in the context of dark matter [14—17], baryogenesis [18, 19], and
observation prospects at colliders [16, 20, 21]. Besides those virtues, it provides naturally
strong renormalizable interactions between the dark fermions and the Higgs boson. This
feature suggests sizable effects in Higgs observables.

The relevant properties of our dark fermion model are introduced in section 2. In
section 3, we discuss the effects of virtual dark fermions in Higgs couplings, specifically
in Higgs interactions with weak gauge bosons and Higgs self interactions. Once the main
features of the anomalous Higgs interactions are laid out, we discuss their phenomenology
in Higgs observables at the LHC and future lepton colliders in section 4. Complementary
probes of dark fermions in electroweak precision measurements will be the topic of section 5.
In section 6, we comment on the impact of dark fermions on the stability of the electroweak
vacuum, which tends to limit effects in Higgs interactions. In section 7, we explore the
reach of indirect searches for dark sectors at the LHC and future high-energy colliders. We
compare the results with the sensitivity of resonant searches in section 8 and conclude in
section 9.

2 A Higgs-portal model of dark fermions

We investigate a minimal realization of a dark sector with fermions that have Yukawa
interactions with the Higgs boson. Our model is a generalization of the bino-higgsino system
in the MSSM, without any requirements on the couplings imposed by supersymmetry. The
SM is supplemented by a Majorana fermion singlet, xg, and two weak fermion doublets,
xp and X%, with hypercharges +1/2 and —1/2,

Xs =Xg xp =05 xD) xH=(=x%,xp)- (2.1)

Throughout our analysis, xs, xp, and x% denote left-handed Weyl spinors. We assume
that the dark fermions have vector-like electroweak interactions, so that the model is free
from gauge anomalies. It is furthermore assumed that dark fermions are odd under a
discrete Zo symmetry, x — —x, while SM fermions are even. The lightest neutral state is



thus a stable DM candidate, and mixing between dark fermions and SM fermions is absent.
The mass spectrum in our model is determined by the Lagrangian

1

£ 5 mpXpHexp — 5msxsxs — y(H'xpxs — xsxpheH) + h.c., (2.2)

where H = (h", (v + h +1in)/V/2) is the SM Higgs field with a vacuum expectation value
v = 246 GeV. The antisymmetric tensor € acts on the weak SU(2) doublets. We assume
that xp and x% couple with equal strength and opposite sign to the Higgs field. Two of
the three parameters {mp, mg,y} can always be made real and positive by a redefinition of
the fermion fields. We consider the case where also the third parameter is real and choose
mp,y > 0. After electroweak symmetry breaking, the dark Yukawa coupling y induces a
mixing between singlet and doublet fermions, parametrized by an angle 6§ with

. 1 mp —m
sin? 9 = 3 <1 + DAmS>’ Am = +/(mp — mg)? + 4(yv)2. (2.3)

This mixing yields three physical neutral Majorana fermions X9, x9, X3 and two charged
fermions y* with masses m1, ma, ms, and m. given by!

my = (mD +mg + Am). (2.4)

N =

(mD—i-ms—Am), mo = Mp = Me, M3 =

N

The mass degeneracy between x5 and x* at tree level is lifted by quantum corrections
involving virtual gauge bosons. We have calculated these corrections and found them to
lift the charged state above the neutral state by a few hundred MeV, so that mo < m.. In
our numerical analysis of anomalous Higgs couplings, we neglect the small mass splitting
between x5 and .

In this work, we will focus on scenarios with strong, but still perturbative dark Yukawa
couplings,

1Sy S vdn. (2.5)

This parameter region is different from the bino-higgsino scenario in the MSSM, where the
neutralino mixing is determined by electroweak interactions. The phenomenology of our
model will thus look drastically distinct from the widely investigated scenarios with small
Higgs couplings to dark fermions. In particular, large dark Yukawa couplings imply a large
mass splitting Am 2 2yv among the neutral fermions in the dark sector.

Besides Yukawa couplings, dark fermions with weak quantum numbers also have elec-
troweak interactions with the SM. In terms of mass eigenstates, the Higgs and gauge

With our parameter choice (above eq. (2.3)), m1 and in principle also m3 can be negative for large
negative mg or large Am.
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Figure 1. Parameter space of possible lightest neutral states x{ and x9 in the dark fermion model.

Colored lines separate regions with |my| < mg (right) and ms < |mq| (left) for fixed values of
y = 1,2,3. Colored areas are excluded by bounds on invisible Higgs decays h — x9x9.

couplings are given by

1 1
[ZDii(simﬁxg*—cos@X(l)*)5“><(2)Zﬂ+h.c.+i X~oM 5 —si Ix x| s —siv )X 2y
QCVV ‘w 2 2

—i—g [x’Lc_T“(cosHX(l)—sinﬁxg) - (cos@x?*—sin@x§*)6“x++i(xg*6"x+—X+&“Xg)} W,
—g [X_5“(cosﬁxg—sinexg) — (cos&x?* —sin@xg*)(}“x_ —z'(xg*c?“x_ —X_(_f“xg)} w,
+€X+5MX_A#—% [sin(29) (G —xIxY) —2008(29))(%)(?] h+h.c.. (2.6)

Dark fermion interactions with the Z boson are off-diagonal in the mass basis, as a conse-
quence of their Majorana nature. For the phenomenology of the model, especially for its
interpretation in terms of dark matter, it is convenient to distinguish between two different
scenarios,

1) |mi| <mg <me<ms : lightest state x, (2.7)
2)  mp Sme < |my| < mg: lightest state x3.

In scenario 1, the lightest state x! is a mixture of weak doublet and singlet components
that couples to the Higgs boson. In scenario 2, the lightest state x3 is a pure weak doublet
that couples neither to the Higgs, nor to the Z boson.

In figure 1, we display the parameter space of our model in terms of the mass param-
eters mp and mg, for fixed dark Yukawa couplings y = 1 (orange), y = 2 (purple), and
y = 3 (green), respectively. The colored curves separate the two scenarios of fermion mass
spectra. To the right of each curve, scenario 1 is realized with |[m;| < mg. To the left, one
has mg < |mq], which corresponds to scenario 2. The latter scenario is thus favored for
small values of mp and a large mass splitting Am among the neutral states. In the colored
regions, the mass of x{ is less than half the Higgs mass, |m1| < M}, /2, so that the Higgs



boson can decay invisibly via h — x{xJ. Current measurements of invisible Higgs decays
at the LHC set a limit on the branching ratio [22, 23],

B(h — xIx?) <0.25, (2.8)

which excludes dark fermion masses |mi| < Mjp/2. In the region mo < My/2 < |mq],
invisible Higgs decays do not occur at appreciable rates, since the decay h — x9xJ is
absent at tree level.

Interpreted as dark matter candidates, the lightest states in scenarios 1 and 2 from
eq. (2.7) have a very different phenomenology. In scenario 1, the dark matter candidate
xY has couplings to the Higgs boson, which induces spin-independent dark matter-nucleon
scattering. The absence of such a signal at direct detection experiments sets an extremely
strict bound on the dark Yukawa coupling [21]. In this scenario, effects in Higgs observables
are thus not compatible with the results of direct dark matter detection experiments. In sce-
nario 2, in turn, the lightest state x3 does not couple diagonally to the Higgs and Z bosons.
Dark matter-nucleon scattering is only induced at the loop level through electroweak in-
teractions. Scenario 2 is thus much better protected from direct detection bounds than
scenario 1. For Xg to be a thermal relic, strong co-annihilation with the nearly-degenerate
charged states xT requires the mass spectrum of dark fermions to be around the TeV
scale [10, 21]. In section VII, we will come back to a possible dark matter interpretation
of our results.

3 Virtual dark fermions in Higgs interactions

Due to the large dark Yukawa coupling, the dominant effects of dark fermions in collider
observables are a priori expected to occur in Higgs interactions. A first idea that might come
to mind is resonant production of dark fermion pairs through pp — h* — x;x;. However,
in this process the Higgs boson is produced off-shell for fermion pair invariant masses
above the Higgs mass. Since the Higgs production is loop-suppressed and proceeds off the
resonance, this signal is very small and hard to observe at the LHC. Similar complications
arise for electroweak production via off-shell gauge bosons, pp — W*/Z* — x;x;, where
the production rate is suppressed by the small quark-antiquark luminosity in proton-proton
collisions and the weak couplings. More details of possible direct collider searches will be
discussed in section 8.

Here we argue that dark fermions with large Yukawa couplings can be probed indirectly
through virtual effects in Higgs couplings to weak gauge bosons and Higgs self-interactions.
Examples of Feynman diagrams are shown in figure 2. Higgs self-interactions receive the
largest corrections, due to their strong sensitivity to the dark Yukawa coupling. Among
Higgs-gauge boson couplings, hyy and hZ~ interactions are expected to be most sensitive to
new virtual corrections, since these couplings are loop-suppressed in the SM. Contributions
from new fermions, however, require a renormalizable Higgs coupling to two charged states
with different weak quantum numbers. In minimal models such as ours, hyy and hZy
are not affected by dark fermions at the one-loop level. The main modifications of Higgs-
gauge boson interactions occur in hZZ and hWW couplings. Since these couplings arise
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Figure 2. Feynman diagrams for vertex corrections from dark fermions to h — ZZ (left), WW — h
(center), and h — hh (right).

as fundamental interactions from the Higgs kinetic terms in the SM, relative corrections
from dark fermions are expected to be modest. As we will show, in the regime of strong
Yukawa couplings they are sizable enough to be probed at the LHC and even better so at
a future lepton collider.

In this section, we will systematically analyze the main sub-processes that probe hVV
(V =W, Z) and hhh interactions at the LHC and (with certain modifications) at future
lepton colliders. For Higgs-gauge interactions, these are Higgs decays to gauge boson pairs,
h — VV*; weak boson fusion, V*V* — h; and gauge-boson associated Higgs production,
V* — Vh. Each of these sub-processes probes the anomalous AV'V interaction in a dif-
ferent kinematic region, which makes them a priori complementary indirect searches for
dark fermions. Triple Higgs interactions can be directly probed in Higgs pair production,
h* — hh.

3.1 Higgs-gauge boson interactions

Consider the decay of a resonantly produced Higgs boson into a pair of weak gauge bosons,
h(p) — V(k1)V*(k2), as shown for V' = Z in figure 2, left. Here p is the four-momentum
of the incoming Higgs, and kq, ko are the four-momenta of the outgoing vector bosons.
Momentum conservation at the vertex implies p* = ki + k4. At colliders, this sub-
process is observed through a four-fermion final state obtained from the gauge boson decays,
VV* = (ff)(ff). We work in the approximation that one vector boson, V(ki), is pro-
duced on its mass shell and neglect light fermion masses. In C'P-conserving theories, virtual
corrections from new particles can then generally be expressed in terms of two kinematic
form factors, FU(p?, ki, k3) and FlL(p?, ki, k3), as [24]

kb kY
Mg

ST (h(p) — VF(k1) V" (k2)) = gy |FO (02, k3, Kk3) g + FL(p?, k3, k3) (3.1)

Here gpyy denotes either of the tree-level SM couplings gnzz = eMyz/(swew) or
gnww = eMy /sw. The vertex contribution to F{}, denoted as Fg’bare in what follows,
is in general UV-divergent and needs to be renormalized by a counter term 5F8. In this
work, we employ the on-shell renormalization scheme, following the notation from ref. [25].

The finite renormalized form factor is given by
FO (0%, ki, k3) = By (0, K, k3) + O FY), (3:2)

(SSW l(sMIgV
Sw 2 MI%V

2s% 1
5F8 =02, + <82VV(5VZ —1 + §5ZH + 62y,
C

w



where dy 7z = 1(0) if V is the Z(W) boson. The vertex correction F| is finite. In our model,
the virtual contributions to A — VV* from the dark fermions in their mass eigenstates are

gy Y (0% kL kS) = 87:2 Z 9 P 9P LY (0% k3 k3, mi,my,mp),  (3.3)
ij=11,13,31,33
ghVVFxl/(p27k%ﬂk%) = 872 Z g;l] g‘\j/Dgei L%/(p27k%7k§7mivmj’mf))v
ij=11,13,31,33
where the index D = 2 for V = Z and D = ¢ for V. = W. The Higgs and gauge-boson
couplings of the dark fermions, g; and gy, as well as the loop functions, L?, and L%/, are
given in appendix A. Explicit expressions for the counter terms in eq. (3.2) can be obtained
from appendix B.

As our second probe of dark fermions, we consider Higgs production via weak boson
fusion, V*(k1)V*(k2) — h(p), where the four-momenta ki, ko are defined as incoming
and p = k1 + ko as outgoing. Since the relative orientation of external momenta in weak
boson fusion is the same as in Higgs decays, the structure of the vertex correction in both
processes is the same,

kb kY
ST (VH(k1)VY (k2) — h(p)) = ghvv |FV (0% K3, K3) g + Fy (0%, k7, K3) ]\2421
\%4

(3.4)
= 5T (h(p) = V" (ka)V" (k2)).

As in Higgs decays, we have neglected the masses of light fermions coupling to the gauge
bosons in weak boson fusion. Notice that the momenta k7 and k3 that are probed in weak
boson fusion and Higgs decays are different (see section 4).

The third sub-process of anomalous Higgs-gauge interactions is the associated resonant
production of a Higgs and a gauge boson via V*(k1) — V (k2)h(p). The one-loop correction
to associated production can be expressed as

ky ki
M|

STHY (VH (k1) — V¥ (k2)h(p)) = gnvv [FB(pQ, k3, k3) g + Fy(p? kL k) (3.5)
~ —3 o o
v FY 0 KR = o5 D o) &7 oV Ly (0% KL K3, ma,my mp).
ij=11,13,31,33

The first form factor F‘O/ is the same in all three processes. The second form factor ﬁ‘l/ differs
from F‘l/ in Higgs decays and weak boson fusion. An explicit expression of the corresponding
loop function Z%/ in our model is given in appendix A. While the loop functions (5F“L/V in all
three processes are related by crossing symmetry, their parametrization in terms of the two
form factors implies that contributions ~ ki, k% are neglected. This breaks the crossing
symmetry and leads to a different form factor in Higgs-Z associated production.

3.2 Triple Higgs interactions

Higgs self-interactions can be directly probed through the sub-process h*(p) — h(k1)h(k2),
where p = k; + ko is incoming and ki, ky are outgoing four-momenta. The one-loop



corrections to this process from dark fermions can be written as
0Tn(h(p) = h(k1)h(k2)) = NaFi(p®, ki, k3), (3.6)

with the tree-level triple Higgs coupling in the SM, A3 = 3M?/v. The scalar form factor
F(p?, k3, k3) is obtained after renormalization as [25]

Fu(p? k7, k3) = Fp™e(p®, k3, k3) + 6 F, (3.7)

Ssw  OM? e ot 16M2 3
6F, =67, — L — W 57,
nT 0% T S T T asy My 2 2 a2, 20

In our model, the vertex correction induced by virtual dark fermions can be expressed as
b i o
N F™ e (0 i k) = s [ D 99 o Ln(p KRS i, my) (38)
ij=11,13,31,33

+ ) 9;{9?}9%{Lh(k§7p27k%,mumy)+Lh(k%,k%7p2,mi,mj)}]~
ij=13,31

Explicit expressions for the loop function Lj and the counter terms in eq. (3.7) can be
found in appendices A and B, respectively.

4 Higgs phenomenology at colliders

In the previous section, we have derived the structure of dark fermion contributions to
anomalous Higgs interactions in terms of form factors. We now analyze these form factors
numerically in the kinematic regions that are relevant for collider observables. Details of the
observation prospects at the LHC and future lepton colliders will be discussed in section 7.
In processes with resonant Higgs production, we apply the narrow-width approximation,
I', — 0, so that Higgs production and decay factorize. In Higgs decay, h — VV™, and
Higgs-gauge boson associated production, V* — Vh, we furthermore assume one of the
gauge bosons to be on-shell.

Let us first analyze the Higgs couplings to gauge bosons. At the LHC, the sub-processes
described in section 3.1 can be probed in four hadronic processes: 1) inclusive Higgs produc-
tion and decay; 2) Higgs production through weak boson fusion; 3) associated Higgs-gauge
boson production; 4) top-pair associated Higgs production and decay. These processes are
defined in the following kinematic regions,

1) pp = h(p?) = V(k1)V*(k2) : ki =My, 0<kj < (M,—My)? (4.1)
2) pp — V*(k))V*(ko)jije — h(p*)jrje: k%, k3 <0,

3) pp = V*(k1) = V(k2)h(p?) : K2 > (M + My)?, k2 = M2,

4) pp — tEth(p*) = tEV (k1)V* (ko) : ki = M, 0 < k3 < (M, — My)>.

In all processes, the Higgs boson is assumed to be on-shell, p? = M,f Notice that the
sub-process h — VV* can also be probed in Higgs production through weak boson fusion



or Higgs-gauge associated production with subsequent Higgs decay into gauge boson pairs.
In Higgs decays and weak boson fusion, the dependence of the form factor FS-(M ,% , k%, k%)
on the squared momenta of the off-shell boson(s) is very weak. A good numerical estimate
of the effect on the observables can thus be obtained by considering the kinematic reference
value

h— VV VAV 5 h(pp):  FOP = FQ(ME, ME, (25CeV)?). (4.2)

The reference value k3 = (25GeV)? corresponds with the maximum of the distribution
dl'(h — VV* — (ff)(ff))/def, where M]%f = k2 is the invariant mass of the decay
products of the off-shell boson. In Higgs-gauge associated production, the momentum of
the intermediate vector boson is determined by the partonic center-of-mass energy.

At electron-positron colliders, associated Higgs-Z production via e™e™ — Z* — Zh [26—
28] and Higgs production through W fusion ete™ — hvi [29, 30] are the most important
processes to measure Higgs-Z and Higgs-W interactions, respectively. In eTe™ — Z* — Zh,
the virtuality of the off-shell Z boson is set by the collider energy,

ete™ = Z*(k1) — Z(ko)h(p) : k? = s, k3 = M%, p* = M?. (4.3)

As our reference point, we choose a scenario planned for the ILC with /s = 250 GeV,
so that

Z* = Zh (eTe™):  Fy® = FY(MZ, (250 GeV)?, M2). (4.4)

The magnitude of the form factor decreases with increasing \/s. Measuring associated
Higgs-Z boson production in ete™ collisions at different energies can therefore be used to
probe the momentum dependence of Fg(MZ, k3, M2).

So far, we have focused our attention on the form factor F‘(}, which rescales the SM
coupling gpyy by a momentum-dependent factor. The form factors F‘l/ and ﬁ‘l/ introduce
new effective interactions (see egs. (3.4) and (3.5)), which have no equivalent in the SM and
could change the kinematics of the respective process. In our case, however, it turns out
that F‘1, and ﬁ‘l, are numerically tiny. In the phase space and parameter space relevant for
collider phenomenology, they are more than two orders of magnitude smaller than F‘(}. We
therefore discard F‘} and ﬁ‘}v from our analysis in what follows. Notice furthermore that
the only difference between Ft(/)v and Fg are small phase-space effects due to the different
W and Z boson masses. The reason is that AW W vertex corrections can be obtained from
hZZ corrections by replacing x5 with x* (see figure 2 and eq. (2.6)), which are nearly
mass-degenerate. In our phenomenological analysis, we will focus on Higgs observables
with Z bosons, for which often a better experimental precision is expected. Using the fact
that FI[/)V ~F g, our results can easily be translated to processes with W bosons.

Having assessed the kinematic features of the form factors, we now study their depen-
dence on the model parameters mp, mg and y. In figure 3, we show the real part of F g
at the kinematic reference points relevant for Higgs decays to Z boson pairs at the LHC
(left), and for associated Higgs-Z production at a future lepton collider with /s = 250 GeV
(right). For illustration, we have fixed the dark Yukawa coupling to y = 1 (orange), y = 2
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Figure 3. Anomalous Higgs-Z coupling as a function of the mass parameter mp for fixed Yukawa
couplings y at the LHC, Re[Fg”?], (left) and a future lepton collider with /5 = 250 GeV, Re[Fy‘],
(right). Plain/dotted lines correspond to fixed values mp — mg = £200GeV. The gray area is
excluded by Z width measurements. In orange, purple, and green regions, invisible Higgs decay
h — xx? is open for mp — mg = 200GeV and y = 1,2, 3, respectively. Dark blue regions have
been excluded at the LHC during run I. Light blue regions can be tested at the HL-LHC and future
lepton colliders.

(purple) and y = 3 (green), as well as the mass parameter difference mp —mg = 200 GeV

2 The doublet mass mp remains a free parameter. Parameter re-

(plain/dotted curves).
gions that are excluded by invisible Higgs decays for mp — mg = 200 GeV are displayed
as colored areas. The gray area, where mp < My/2, is excluded by measurements of the
Z width, which would be enlarged by decays into charged dark fermions, Z — x*x~ [31].
The dark blue region has been excluded by a global analysis of Higgs couplings with LHC
data from run I [32].

The masses of the charged and neutral states y* and X9, me = mp = ma, can be
directly read off from the z-axis. For mp < My /2, the state x3 in the loop can be on its
mass shell and the form factor Fg develops an imaginary part. This explains the peak-dip
feature of the real part in the region around mp = 45 GeV. For mp — oo, effects of the
dark sector decouple from the SM. The mass parameter difference |mp — mg| and the
Yukawa coupling y determine the splitting Am between the lightest and heaviest states
xY and x§ (see eq. (2.4)). As we can observe in the figure, sizable effects of dark fermions
on the Higgs interactions require a large Yukawa coupling. In scenario 1, this implies a

* and a heavy state Xg‘

split spectrum with a light state x{, intermediate states x9, x
Notice that F g is largest close to the parameter regions excluded by h — x{x{, where
Imi1| 2 Mp/2. In this region, F2 is dominated by the loop diagram in figure 2, left, with
two lightest states x{ and one x3.

The effects of dark fermions in Higgs decays can be directly translated to weak boson
fusion at the LHC. Due to the small momentum dependence of Fg in these processes,
virtual corrections in Z*Z* — h look almost identical to those displayed in figure 3, left.
Effects in Higgs-Z associated production at the LHC are comparable in size with the

FLC reference point, Fo(M?, k3 2 (M, + Mz)?, M%) ~ Fg’ee, shown in figure 3, right.

2For other mass parameter splittings, the features of the form factors are qualitatively very similar.

~10 -



Comparing Higgs decays (and likewise Higgs production from Z boson fusion) at the LHC
with Higgs-Z associated production at a FLC (and likewise at the LHC), we observe that
Fg’ee for associated production is slightly smaller than Fg’p P for decay and weak fusion.
However, the expected precision of measuring Fg at a lepton collider is much higher than
at the LHC. The light blue areas in figure 3 are expected to be probed at the HL-LHC
with 3ab™! data luminosity (left) and at a FLC with /s = 250 GeV (right).

Higgs self-interactions can be analyzed in a similar way. At the LHC, the triple Higgs
coupling can be directly measured in Higgs pair production, based on the sub-process
h* — hh from section 3.2. The kinematic region for this process is given by

pp — h*(p) = h(ki)h(k) : ki = M} = k3, p* 2 (2M),)*. (4.5)

Since the cross section of Higgs pair production drops quickly for higher invariant mass,
we choose our kinematic reference point of the form factor near the production threshold,

h* — hh (pp,eTe™):  Fj = Fp((280GeV)?, M2, M?). (4.6)

At a future lepton collider with energy /s > 2Mj, + Mz, the triple Higgs coupling can be
measured in Higgs pair production in association with a Z boson [33],

ete™ = Z* — Zh*(p) — Zh(k1)h(ke) = k3 = M} = k3, (2My)* < p? < (Vs — Mz)*
(4.7)
This process is also sensitive to anomalous Higgs-Z boson couplings. As we will see, in
our model Fg is numerically much smaller than F},. The process ete™ — Zhh can thus
be considered as a clean probe of Fj,. Since the cross section for eTe™ — Zhh production
is again dominated by Higgs-pair production near the kinematic threshold, the reference
value I}, from eq. (4.6) applies here as well.?

In figure 4, we show the real part of F, relevant for Higgs pair production at the HL-
LHC (left) and Z-boson associated Higgs pair production at the ILC with /s = 500 GeV
(right). Similarly to F} in figure 3, F, is large in the parameter region with |m;| ~ M, /2,
where the loop function is dominated by the lightest state x{ (see figure 2, right). The
overall size of F}, however, is one to two orders of magnitude larger than Fg, due to
the parametric dependence Fy,/ Fg ~ 32/g%. A second region of large F}, is obtained for
|m1| = mg. For mp —mg = 200 GeV, exact mass degeneracy occurs at mp = 100 GeV.
In this region of parameter space, both x{ and Xg contribute significantly to the vertex
function. The blue areas are expected to be probed at the HL-LHC (left) and at the ILC
with /s = 500 GeV (right).

5 Electroweak precision tests

Due to the electroweak couplings of dark fermions, contributions to electroweak precision
observables are expected, which have been precisely measured at LEP. For new physics

3The exact value of F, can vary with the momentum p?, depending on the respective parameter point.
However, since these variations are typically moderate and the cross section is largest near the production
threshold, a good estimate of the overall effect can be obtained by studying the reference point F'j,.

- 11 -



HL-LHC ILC-500

h>x3x] X9 V=2 hoxix}

1.5
mp>ms
1.0+
o \
> 05 mD<€ns e*e"»Zhh
o F o 1
g .
E
S 00
us
-0.5- o 1
0 e*e"»Zhh
X
-10-
N
0 200 400 600 800 1000 0 200 400 600 800 1000
mp [GeV] mp [GeV]

Figure 4. Anomalous triple Higgs coupling, Re[F}], as a function of the mass parameter mp
for fixed Yukawa couplings y at the HL-LHC (left) and a future ILC with /s = 500 GeV (right).
Plain/dotted lines correspond with mp — mg = £200 GeV. The gray area is excluded by Z width
measurements. In orange, purple, and green regions, invisible Higgs decay h — x{x{ is open for
mp —mg = 200GeV and y = 1,2, 3, respectively. Blue regions can be probed at the HL-LHC and
ILC-500, respectively.

above the weak scale, such contributions can be analyzed in terms of the so-called oblique
parameters S and T, defined by [34]

47
==z [HWI/V(O) — cfyTlz2(0) — 2swewllz,(0) — S%HVW(O)}, (5.1)
wMz
16ﬂs%,vc%/v , s%/v — CI2/V , )
= W Sw Wy ) -1
S 2 72(0) + P 7(0) =1L, (0) | ,

where I1;;(0) and IT{;(0) denote contributions to the gauge boson two-point functions and
their momentum derivative at zero momentum transfer, respectively. Deviations of S and
T from their SM predictions due to new heavy particles are denoted by AS and AT, respec-
tively. Since the Lagrangian in eq. (2.2) preserves a custodial symmetry, the T parameter
is protected from contributions of dark fermions, resulting in AT = 0. Contributions to the
S parameter are moderate, since dark fermions have vector-like electroweak interactions.
In the decoupling limit mg = mp = m > v, dark fermion contributions to the S parameter
in our model are given by

2,2 2,2
Ag_ L Y [1+o<yg>]. (5.2)
m

= 60m m2

Precision measurements at LEP have set a limit on new physics contributions to S at the
68% C.L. [31],

IAS| < 0.05 for AT = 0. (5.3)

This bound constrains part of the parameter space in our model. At future lepton collid-
ers, the sensitivity of electroweak precision observables to new physics is expected to be
enhanced. Dark fermion contributions to S can thus be probed if [35]

|AS| > 0.01 for AT =0. (5.4)
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As we will see in section 7, indirect searches for dark fermions in electroweak precision
observables are thus competitive with Higgs couplings in certain regions of the parameter
space. Detailed analyses of electroweak precision observables at future lepton colliders in
the context of fermionic Higgs portals can also be found in refs. [9, 36].

6 Vacuum stability

New fermions with Yukawa couplings to the Higgs field will generally have an impact on
the stability of the electroweak vacuum. In the symmetric phase, the Higgs potential in
the SM is given by

A

V(H) = —]\gg(HTH) + §(HTH)2, (6.1)

where A is the quartic Higgs coupling. After electroweak symmetry breaking, the triple and
quartic Higgs couplings are related through A3 = 3Av. Modifications of the triple Higgs
coupling are thus directly related to the form of the Higgs potential at high energies. We
consider the vacuum as stable up to a certain energy scale Ayy, if the quartic coupling
A(t = log A) remains positive at all scales A < Ayy.

In order to study the impact of dark fermions on the vacuum stability in our model, we
consider the renormalization group evolution (RGE) of the quartic Higgs coupling. At the
leading order, the RGE for the relevant couplings in the SM extended by the dark fermion
fields from eq. (2.1) is given by

dA 1

1672 (1%2 + (1297 + 8y* — 993 — 3g3)\ — 12y} — 16y4>, (6.2)
dyy Yt 3 5 9 9 s 9., 17,

Y _ 0 0y _ g2 202 17

dy y (5, 9 ) s 9, 3,

@ _ o 5 02 22 3

dt — 1672 (2y 3y T2+ - -0
dgr _ 15 _gf dg2 _ 5 g3 dgs _ . 63

dt 2 1672’ dt 21672’ dt 1672

where g1 = gy, g2 = ¢, and g3 are the couplings corresponding with the U(1)y, SU(2),
and SU(3)c gauge groups, respectively, and y; is the top-quark Yukawa coupling. We
have used the SM contributions from refs. [37-39] and neglected the small impact of light
fermions on the RGE. Similar scenarios have been discussed for instance in refs. [8, 40].
The evolution for A is obtained by solving the coupled system of equations in eq. (6.2)
numerically. We use the input values for the SM couplings at the top mass scale A = my
from ref. [41] and evolve the system from this scale upwards. The dark sector is assumed
to set in at a single scale A, and threshold effects are neglected. In figure 5, left, we
show the RGE of the quartic Higgs coupling A(¢) in our dark fermion model for various
fixed values of y(log A,) and a dark scale A, = 500GeV. While in the SM the quartic
Higgs coupling remains positive up to very high scales, in our model the quartic coupling
becomes negative already below the TeV scale for strong Yukawa couplings y = 1.5. The
main reason for this behavior is the strong dependence of the RGE for A on the dark
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Figure 5. Renormalization group evolution of the quartic Higgs coupling A(t = log A) (left) and
the dark Yukawa coupling y(t) (right) in the dark fermion model. The energy scale of the dark
sector is fixed at A, = 500 GeV. Colored curves correspond with different values of y(log A ). The
dashed black curve shows the evolution of A in the SM.

Yukawa coupling, d\/dt ~ —16y*. A second effect is the growth of y with energy. As can
be seen in figure 5, right, starting with a large y(logA,) ~ 2, the dark Yukawa coupling
becomes non-perturbative around A = 4 TeV. The non-perturbative regime is thus reached
at higher energies than vacuum instability.

This simple study, while far from being accurate, clearly demonstrates that a UV com-
pletion of our model is needed in order to ensure vacuum stability. It has been previously
shown that various options exist to stabilize the electroweak vacuum while being in line
with measurements below the TeV scale [5, 18]. Dark fermions with large Yukawa cou-
plings as part of a more complete model can therefore be consistent with vacuum stability.
Moreover, they might trigger a first-order electroweak phase transition that facilitates elec-
troweak baryogenesis [18, 19, 42, 43]. Since the respective effects of vacuum stabilization
on LHC observables strongly depend on the specific UV completion of our model, we do
not consider them in our analysis. However, the reader should bear in mind that such
effects will almost inevitably affect triple Higgs interactions. For a sound interpretation
of a possible deviation in di-Higgs production, one therefore needs to complete our model
and draw conclusions on the dark fermions in this extended framework.

7 Dark fermions at the LHC and future lepton colliders

In this section, we explore the sensitivity of the LHC and future lepton colliders to vir-
tual effects of dark fermions in Higgs observables. Dark fermion effects in Higgs-Z boson
associated production at future lepton colliders have also been studied in refs. [9, 10].
Establishing indirect evidence of dark fermions will crucially depend on the achievable pre-
cision in Higgs coupling measurements. In what follows, we will make the conservative
assumption that theory uncertainties on the SM predictions will remain as they are today.

Let us first consider Higgs-Z boson interactions. At the LHC, these can be tested in
Higgs decays, weak boson fusion and associated Higgs-Z production. A global analysis of
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Higgs measurements with data from run I leads to a bound on Fg’p P (cf. eq. (4.2)) at 68%
C.L. [32)*

LHCrun I:  — 0.08 < Re[Fy™] < 0.17. (7.1)

From figure 3, left, we deduce that current measurements of hZZ couplings already ex-
clude dark fermion scenarios with large Yukawa couplings y 2 3 and a light neutral state
X\ with |mq| > My /2. For the HL-LHC with 3ab™! luminosity, the CMS and ATLAS
collaborations have predicted the sensitivity to anomalous Higgs couplings from a global
analysis of Higgs production and decay channels [45, 46]. Translated to our scenario, the
HL-LHC will be sensitive to dark fermions in hZZ interactions for

HL-LHC: [Re[Fy™"]| > 0.033. (7.2)

The sensitivity to F g(M }%, k3, M%) in associated Higgs-Z boson production alone is slightly
lower, since the form factor is probed in a different kinematic region.

At future lepton colliders, the Higgs coupling to Z bosons can be measured very
precisely in associated production via eTe™ — Zh. Recent studies predict an uncertainty
of less than half a percent for all considered machine designs [47, 48]. Virtual dark fermions
can thus be probed for

ete” = Zh: |Re[F§’ee]| 2 0.005. (7.3)

To illustrate the reach of a future lepton collider in dark fermion searches, we investigate
the form factor in terms of the masses m and ms. In figure 6, we show F g,ee for a fixed dark
Yukawa coupling y = 2 in the two parameter regions mp > mg (left) and mp < mg (right).
Constant values of F' g,ee in percent are shown as purple curves. In purple regions, X(2) is the
lightest dark fermion state. In regions where \{ is the lightest state, the heaviest state, Xg,
decouples as a consequence of the mass splitting due to the large Yukawa coupling. Light
gray regions are excluded either because ms — m; < 4v, which is unphysical, or because
mp < Mz /2, which is strongly constrained by measurements of the Z boson width. Gray
regions have been excluded by bounds on invisible Higgs decays h — x?x{ from LHC run I.
Electroweak precision measurements at LEP challenge the region below /left to the dotted
gray line, where contributions to the S parameter are sizable. As the mass hierarchy m > v
entering the definition of S is not fulfilled in all regions of parameter space, we cannot claim
a strict exclusion, but consider these regions in tension with LEP measurements.

A FLC with /s = 250GeV can explore the blue parameter regions in associated
production eTe™ — Zh. In this process, Higgs-Z couplings will be efficient probes of dark
fermions if either of the lightest states, x¥ or x9, lies in the mass range

mp >mg: —550GeV <my <400GeV or mo < 550GeV, (7.4)
mp <mg: —200GeV <Sm; <350GeV  or mg < 200 GeV.

With improved experimental sensitivity and/or reduced theory uncertainties, the mass
reach of anomalous Higgs couplings can be extended to adjacent regions. The sensitivity

1A recent measurement of h — ZZ* — 4¢ with run-II data leads to a similar bound [44].
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Figure 6. Form factor Re[Fy‘] as a function of m; and ms for y = 2 and mp > mg (left) or
mp < mg (right). Purple curves show constant values of Re[Fy°°] in percent; in purple areas,
X3 is the lightest state. Blue areas can be probed at future lepton colliders. Dark gray bands are
excluded by LHC bounds on the Higgs width. Regions below/left of the dotted (dashed) gray lines
are in tension with the S parameter at LEP (can be probed at a FLC).

of the S parameter is expected to reach up to the dashed gray line. Electroweak pre-
cision measurements will thus cover the entire parameter region of scenario 2, where Y9
is the lightest state. Higgs observables complement and surpass electroweak observables,
especially in scenario 1 with x{ as the lightest state.

Turning to triple Higgs interactions, the currently strongest direct bound has been
obtained by the CMS collaboration from an analysis of Higgs pair production with the
subsequent decay hh — (bb)(y7) [49]. It is based on 36fb~' of LHC data collected at
/s = 13TeV. Applied to our model, the result translates into a bound on the form factor
F, (cf. eq. (4.6)) at 95% C.L.,

pp — hh — (bb)(yy) :  —10 < Re[Fy] < 14. (7.5)

The asymmetric sensitivity to Fp is due to the negative interference of the signal and
background amplitudes gg — h* — hh and gg — hh in the SM, where the latter does
not involve the triple Higgs coupling. A negative form factor F} thus causes a positive
correction to this interference term, which enhances the sensitivity to the Higgs pair signal.
Comparing with figure 4, left, it is apparent that with the current precision Higgs pair
production is not sensitive to dark fermions with perturbative couplings yet. For the HL-
LHC, the ATLAS collaboration has predicted the sensitivity to Az in Higgs pair production
in the decay channels hh — (bb)(7777) [50] and hh — (bb)(77) [51]. The results translate
into the following ranges that can be probed at the HL-LHC,

1, (7.6)

pp — hh — (bb)(T7777) 1 Re[F}]
pp — hh— (bb)(yy) 1 RelF}

—5 or Re[F}]
) ia
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Figure 7. Form factor Re[F'] as a function of my and mg for fixed y = 2. Purple curves show
constant values of F; in percent; in purple areas, xJ is the lightest state. Blue areas can be probed
at a future lepton collider with /s = 500 GeV. Dark gray areas are excluded by LHC bounds on
the Higgs invisible width. Regions below the dotted (dashed) gray lines are in tension with the S
parameter at LEP (can be probed at a FLC).

As can be observed from figure 4, left, Higgs pair production at the HL-LHC should probe
dark fermions with couplings y = 2.

At a future lepton collider with /s > 2M} + M, the triple Higgs coupling can be
probed through the process ete™ — Z* — Zh* — Zhh [33]. The sensitivity will crucially
depend on how well the signal with triple Higgs interactions can be discriminated from
irreducible SM background. At the ILC with /s = 500GeV, current estimates with
h — bb decays lie in the range A)3/\3 ~ 30-50% [52]. For our predictions, we will make
the rather conservative assumption of probing

ete” — Zhh: |Re[F}]| 2 0.5. (7.7)

A similar sensitivity is expected from a future 100-TeV proton-proton collider probing
anomalous triple Higgs couplings in Higgs pair production [53]. In figure 7, we illustrate
the sensitivity of a future lepton collider with /s = 500 GeV to virtual dark fermions in
triple Higgs couplings. Displayed is the form factor Fj, in terms of m; and ms for fixed
y = 2. Notice that F} is symmetric under mp <> mg, so that the entire parameter space
can be displayed in one panel. Bounds from the S parameter are shown for mp > mg;
for mp < mg, they can be obtained from figure 6, right. Comparing figures 6 and 7, we
see that in the blue regions accessible at a FLC, effects of dark fermions in triple Higgs
couplings are typically two orders of magnitude larger than in Higgs-gauge couplings. This
enhancement is compensated by the different observation prospects, so that the sensitivity
of both anomalous couplings is comparable in this region. In parameter regions where x{
or X3 are the lightest states, respectively, dark fermions in triple Higgs interactions can be
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probed in the mass range

—900GeV < my < —250GeV U —180GeV < my <0GeV or my < 900GeV. (7.8)

~

Compared with Higgs-Z couplings, see eq. (7.4), triple Higgs couplings can thus probe
scenarios with an overall heavier spectrum, where the lightest new states lie close to the
TeV scale. Moreover, in triple Higgs interactions, the sensitivity reaches further into the
region where 9 is the lightest state. This region, in turn, can also be tested in electroweak
precision measurements. From figure 7, it is apparent that the entire parameter space
accessible in triple Higgs couplings can also be probed by the S parameter at a FLC.
Notice that these conclusions apply if dark fermions are the only source that modifies the
triple Higgs interaction. In a complete model that ensures vacuum stability, additional
effects in Higgs self couplings are expected and can change the sensitivity to dark fermions.

The fact that the sensitivity of Higgs couplings requires at least one fermion below
the TeV scale has important consequences for interpretations as dark matter. As stated
in section 2, thermally produced doublet dark matter would be in the TeV range and
thus out of the reach of indirect Higgs observables. In our scenario 2, a thermal relic can
explain a fraction, but not the entire observed dark matter abundance. Extensions of the
model that lead to larger mass splittings between the doublet constituents, and therefore
to reduced co-annihilation, can reconcile thermal freeze-out with a lower dark matter mass.
Alternatives to freeze-out for creating the dark matter abundance are another option that
could be tested in Higgs couplings.

Complementary to resonant di-Higgs production, triple Higgs interactions could also
be probed indirectly through higher-order corrections to single Higgs production pro-
cesses [54-56]. While the sensitivity to A3 can be comparable with direct observables,
predictions of the indirect observables can be modified by virtual effects occurring one loop
order before the triple Higgs modification. For instance, at a future lepton collider running
below the threshold of resonant Higgs pair production, anomalous triple Higgs interactions
can be tested in ee™ — hZ through electroweak corrections [56]. In our scenario, anoma-
lous hhh couplings at NLO are competing with anomalous hZZ at LO in this process. An
analysis of dark fermions in indirect triple Higgs observables therefore requires dedicated
calculations beyond the scope of this work.

8 Comparison with resonant dark fermion production

In order to establish the complementarity of indirect and direct collider searches for dark
fermions, we compare our results on anomalous Higgs couplings with resonant dark fermion
production at the LHC and future lepton colliders. At the LHC, dark fermions can be pair-
produced through electroweak interactions via

pp — V™ = xixy, (8.1)

and subsequently decay into lighter fermions and SM bosons.® The dominant production
and decay channels are determined by the gauge couplings and the masses of the dark

5Production via pp — h* — XiX; is much smaller due to the loop suppression.
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fermions. Due to the large dark Yukawa coupling, the mass difference between x{ and
xJ is typically sizable, so that xJ is often too heavy to be pair-produced at observable
rates. The phenomenology of resonant dark fermion production is thus dominated by the
lighter states xJ and x5.6 Effects of virtual dark fermions in Higgs couplings are large if
the coupling hx{x) ~ sin(26) is sizable (see eq. (2.6)). Maximal Higgs effects are thus
expected for

sin(20) =1, cos(20) =0, sinf =1/v2 = cosé. (8.2)

In this limit, the off-diagonal Higgs coupling hx(l)xg ~ co0s(26) is absent, and gauge couplings
to x{ and x3J are of the same strength. We adopt the maximal-Higgs limit for our analysis
of resonant fermion production. As we will see, it leads to a characteristic pattern of
signatures, from which we will determine the parameter regions where Higgs couplings
perform better than direct searches.

In scenario 1, where |m;| < my < m. < mg, the dominant production channels in the
maximal-Higgs limit from eq. (8.2) are

= Z* = xxs, ZF=xTxT, W= xt, W= . (83)
The so-produced mediator states decay via
X2 = Zx1, Xt = WXL (84)
The main signals at the LHC are thus made of gauge bosons and missing energy, E%liss,

Z+EPS: pp— Z° =i = (2, (8.5)
W+ ERS pp— W = B — (WE DN,

WW +EFS:  pp—Z* = xTx = WHhhHwx),

WZ+ERs:  pp— W= x5xg - (WED(2X).

For mp — |mi| > My, the final gauge bosons are produced resonantly and can be de-
tected through their decays into leptons and jets [20]. Current searches for signatures
with two bosons and missing energy in the context of supersymmetry are sensitive to
masses of the lightest state up to 100-200 GeV, if the next-to-lightest states lie below
about 500 GeV [57, 58]. If the mass splitting drops below the threshold of resonant gauge
boson production, decay products are soft and more difficult to observe [59-61]. For the
W + EIsS signature, the small signal rate is overwhelmed by SM background and probably
not observable at the LHC. The situation is better for Z + E%liss, where the reconstruction
of a lepton pair might facilitate the observation of a signal [16]. From mono-jet searches, we
do not expect much additional information, due to the small production rates of invisible
final states.

5In parameter regions with large negative my, the mass hierarchy can be inverted, so that x3 and x5
can be produced resonantly at the LHC.
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In scenario 2 with mg < m. < |my| < mg, the production of dark fermions proceeds
as in scenario 1. The dominant decay channels are

X! = 2x3, XY = WEXTF, x> W = (F)xS. (8.6)

The main LHC signatures in scenario 2 are as in eq. (8.5) with x{ <> x3. However, due
to the small mass splitting between the doublet states, m. — mo < 1GeV, the decay of
xT always proceeds through an off-shell W boson. The decay products from WW + Ezr?iss
and WZ + E{p“iss final states are thus too soft to be observed even in dedicated searches for
soft leptons, which require a minimum transverse momentum of 5 GeV [61]. In the future,
disappearing charged tracks might offer a possibility to search for such scenarios in regions
with a sufficiently small mass splitting between x{ and xt [62]. Z + EIT]rliSS might be an
alternative way to observation. In summary, scenario 2 is more difficult to test through
resonant production than scenario 1 in most of the parameter space.

While the sensitivity of current resonant searches is restricted to parameter regions
where \Y, xJ, and x* are all relatively light, anomalous Higgs-gauge couplings can probe
regions with heavier doublet states x9, x* (cf. figure 3, left). As of today, both approaches
are thus complementary in their sensitivity to dark fermions. At the HL-LHC, the reach
of resonant searches is expected to be comparable with what is observed today, as it is
basically determined by the available collider energy. Anomalous Higgs-gauge couplings
start testing scenarios with smaller Yukawa couplings (i.e., smaller mass splittings) that
can be probed by resonance searches as well (see figure 3, left). Triple Higgs couplings
will become available as additional probes of the region with large x — xJ splitting (see
figure 4, left). At a future 100-TeV proton-proton collider, searches for charged leptons
and missing energy can eventually probe dark fermions up to the TeV scale (a summary
can be found in ref. [21]).

Complementary to electroweak production, dark fermions might be explored through
off-shell Higgs production and subsequent decay into dark fermion pairs, gg — h* — x{xJ.
At hadron colliders, the dominant channels in scenario 1 are mono-jet production, weak
boson fusion, and Higgs-associated top-antitop production. Due to the strong suppression
by the small Higgs width, however, such processes are rare and difficult to observe. The
sensitivity of the (HL-)LHC and a future 100-TeV collider has been analyzed in similar
Higgs-portal scenarios and predicted to be weak [63]. In scenario 2, the lightest state x3
does not couple to the Higgs boson, so that off-shell Higgs observables are not an option
to probe this case.

At lepton colliders, the dominant process to produce resonant dark fermions is

ete” = 7" = xTx". (8.7)

The LEP collaborations have searched for pairs of heavy charged fermions F'*, produced
viaete™ — Z* — FTF~ and decaying through F* — W*FO where FO is a stable neutral
fermion. In scenario 1 of our model, the null results of searches for leptons and missing
energy constrain the mass of charged dark fermions decaying via x* — W*x? to [64]

me &~ me ~mp 2 100 GeV, if m.— |m1| 2 5GeV. (8.8)
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In the parameter regions where anomalous Higgs couplings are sizable, this bound is mostly
irrelevant, apart from a narrow excluded region of F' g,p P for mp < mg (see figure 6, right).
A future lepton collider with higher energy /s > 200GeV could extend the reach to
charged dark fermions with masses

me S V/'s/2. (8.9)

Provided that the decay products can be detected, a FLC with /s = 250 GeV will probe
the region where F® > 0 and |my| < my (see figure 6, right). Similarly, a FLC with
/s = 500 GeV should cover most of the region where ', > 0 (see figure 7). In scenario 2,
where m.—mgy < 1 GeV, the decay products from xy* — W*x§ are too soft to be detected,
but the mass splitting is typically also too large for a displaced vertex or charged track
of x*. In this case, invisibly decaying charged fermions lead to mono-photon signatures.
These have been analyzed at LEP in the context of the MSSM, excluding charginos with
masses below 75 GeV [64]. Dedicated searches for mono-photon signatures at a FLC could
thus help exploring regions with m., — mo < 1 GeV.

In conclusion, in the regime of large Yukawa couplings dark fermions appear to hide
from direct observation. The sensitivity of resonant dark fermion production is limited
by the small production rates especially for heavier mediator states and/or detection in-
efficiencies in the case of compressed spectra. Virtual effects, in turn, are typically less
dependent on the mediators, but rather determined by the lightest states of the spectrum.
Indirect searches for such effects can indeed probe scenarios that are inaccessible in direct
searches.

9 Conclusions

Let us summarize the status and prospects of indirect collider searches for dark fermions as
follows. In scenarios with large Yukawa couplings, Higgs-gauge and triple Higgs interactions
are sensitive to virtual contributions of dark fermions. We have analyzed in detail the
singlet-doublet model of Majorana fermions, which has the same particle content as the
bino-higgsino scenario in the MSSM, but features large fermion mixing. The main effects
on Higgs observables are a correction of the Higgs couplings to W and Z bosons, which is
typically negative, and a modification of the triple Higgs vertex, which can have either sign.

Anomalous Higgs couplings are actively being investigated in Higgs production and
decay at the LHC. Numerically, virtual corrections of dark fermions in triple Higgs cou-
plings are one to two orders of magnitude larger than in Higgs-gauge couplings. The latter,
in turn, can be measured much more precisely. This over-compensates the suppression in
magnitude, rendering Higgs-gauge interactions a more sensitive probe of dark fermions at
hadron colliders. A global analysis of Higgs observables with run-I data has already ex-
cluded dark fermions with strong Yukawa couplings y = 3 through modified Higgs-Z boson
interactions (figure 3, left). At the HL-LHC with 3ab™! of data, Higgs-gauge couplings
are expected to probe dark fermions for y 2 2. Triple Higgs couplings will be somewhat
less sensitive, covering scenarios with y 2 2.5 (figure 4, left).
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For dark fermions with smaller Yukawa couplings y = 1, a future lepton collider will
be an excellent test ground. Precise measurements of the Higgs-gauge coupling in Higgs-Z
associated production will allow us to probe dark fermions up to the TeV scale (figure 6).
This can be achieved with basically all currently discussed machine designs. At a lepton
collider running at or above /s = 500 GeV, triple Higgs couplings measured through Z-
associated Higgs pair production can test dark fermions in a largely complementary range
of parameter space (figure 7). At high-energy lepton colliders, the combination of Higgs-
gauge and triple Higgs interactions is thus a powerful strategy to explore possible scenarios
of dark fermions. Higgs observables are complementary with (and in some regions superior
to) electroweak precision observables not involving the Higgs boson. Notice that for y > 1.5
vacuum stability requires a completion of our model around the TeV scale, with an expected
impact on Higgs self interactions. The discovery potential of dark fermions in triple Higgs
couplings should thus be assessed once additional effects in a complete model are taken
into account.

Compared with direct collider searches for resonant dark fermions, anomalous Higgs
couplings can cover regions where mediator states are too heavy to be produced at ob-
servable rates, both at hadron and even more so at lepton colliders. Importantly, indirect
observables are also sensitive to scenarios with compressed spectra, where decay products
of dark fermions are difficult to detect. This example teaches us to pursue a two-fold search
strategy for dark sectors at colliders: through resonant production and through virtual ef-
fects. It might well be that dark particles hidden from direct searches will first show up as
quantum corrections in precision observables.
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A One-loop vertex corrections from heavy vector-like fermions

In this appendix, we give analytic results of virtual corrections to Higgs-gauge and triple
Higgs interactions from new fermions. While the explicit expressions correspond to our
model of dark fermions, the loop functions apply more generally to massive fermions with
Yukawa couplings and vector-like weak interactions.

In our model, the Yukawa couplings of dark fermions to the Higgs boson read

g}bl = 4y sin(26), 9}113 =iy cos(20) = 921, 923 = —iysin(20), gii =0= gff. (A.1)
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Table 1. Coupling strength of vector-like Weyl fermions to weak gauge bosons in our dark fermion
model. Here g;/ denotes the coupling of boson V' = W, Z to an incoming fermion in mass eigenstate
i ={1,2,3,c} and an outgoing fermion in mass eigenstate j = {1, 2, 3, c}.

The gauge couplings of dark fermions to Z and W bosons are given in table 1. The ampli-
tudes of the one-loop diagrams have been calculated with a private computer code based
on the programs FeynArts [65], FeynCalc [66], and LoopTools [67], and cross-checked us-
ing the computer tool SARAH [68]. The loop functions for the hV'V vertex corrections are

given by
L%(pz,k%,kg,mi,mj,mp) (A.2)
:(n”LZ-erj)Bo[pQ,m%,m?}Jr(mi—mD)Bo[lf%,m2 m%)
+(mj—mD)Bo[k§,m?,m2D]—4(m,+m])Cgo[p k2 k2 m?2, m2 ,m%)
+{mDp2—mjk'%—mik:%—l—(mi—&—mj)(mD—mD(m¢+mj)+mimj)}
ng[pz,k%,kg,mf,m?,m%},
Ly (0 k%, k3, mi my,mp) /M (A.3)
=2(mp—m;)Co[p?, k3, k3, m?,m 2m2D]
—2(3m;+m;)C1[p? k3, k?,m?, mz m%)—2m;Co[p?, k3 kg,mz m?,m%)
—4(mi+mj){Cu[p k3, kT, m:,m3,mp|+Cra[p, k3, ki, m;,m3,mp] },
Ll LY (p? k3, k3, mi,my,mp) /M@ (A4)

= (ml+3m])c2[p2 kQ’klam 2 mQD]

—2(mp—m;)C1[p*, k3, kT, m7,m’ mD]—i—Qm]Co[p ki k3, m3,m;,mp)

+4(mi+m;) {022[29 k27k17m mD]+Cl2[P k27k1am m? m%]}
The loop function for the triple Higgs vertex correction is given by

Ly (p* k3, k3, mi,m;) = 2m; Bo[p® m3, m?]+ (m+m;){ Bo[k$,m?,m3]+ Bo[k3,m?,m?]}
—{mjp2+mi(k%+k%)—2mi(mi+mj)2}00[p2,k kQ,m m2 m?]

(A.5)

The tensor coefficients C; and Cj; are defined according to the FeynCalc convention [66].
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B Counter terms for vertex renormalization

In our model, the contributions to the counter terms in egs. (3.2) and (3.7) are given by

1
IM, = Z 9 g Cv (miyme), 62w = By Z 917 95 Cov (mi, me), (B.1)
i=1,2,3 ™ it123
1
SMZ = 872[( E)2Cy (e, me) Z 92920y ( mz,mg)}
g i=1,3
1
02z = By} [(Qz) Cov (me, me) Z 9797 Cov ( mth)]
1=1,3
02 = — - — 0244 =——=5DBp|0
e 2 cw 9 AA 1272 0[ 7mc7mc]7
5 5 (OMF, M3
0Zz4 =0, SW——CVQV< )~ 2Z>
SwW 28W MW MZ
1 s 1 |
M=o Y GPCmam) 62— Y (G)PConlmamy),
ij=11,13,31,33 ij=11,13,31,33
7 ..
—5 Y g miAo(m).
i=1,3

The loop functions for the counter terms are defined by

Cv(m,;,mj):Ag[m?]—i—Ao[mg]—i—((mj—mi)Q—M‘%)Bg[M‘Q/,m ] 4BOO[MV7m mz]
2_.02)2
o (mj—m;) 2 2 2 2
av(mi,mj) = T |:BO[MV>miamj]_BO[0 m ,m ]} +2B0[Mv,m m ]
v
— ((m3—m?)? /Mg +m3 —6m;m;+m? —2M¢) OBy [ M, m7, m7]— 3
Ch(mi,mj):Ao[m?]—i-Ao[mj]—i-((mi—i-mj) —Mh)Bo[Mh,mi,m?],
Cah(mi,mj):Bo[Mﬁ,m%,m?]—((m,-—i—mj)Q—M,f)@Bg[M,%,m?,mg]. (B.Q)
Here dBo[M?,m?, m? ] denotes the partial derivative of By[p?, m?,m 3] with respect to p?,

evaluated at p?> = M 2.
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