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from the oblique parameters, Br(H — =), and direct production of the new fermions at
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1 Introduction

The discovery of the Higgs boson [1, 2] opens a new avenue to probe the consistency of the
Standard Model (SM) and search for new phenomena. New physics beyond the SM may
modify the effective couplings of the Higgs boson relative to the SM expectation. In many
well-motivated models, new particles with O(TeV) masses induce %-level modifications of
the Higgs couplings [3-6]. Deviations of this magnitude can be observed with a future high-
luminosity eTe™ collider operating at a center-of-mass energy of /s ~ 250 GeV. There are
several proposals for such a machine, including the International Linear Collider (ILC) [7, 8],
the Future Circular Collider (FCC-ee) [9], and the Circular Electron-Positron Collider
(CEPC) [10].

One the other hand, TeV-scale particles can also be searched for directly at the LHC and its
high-luminosity extension (HL-LHC). This complementarity between direct searches at high-
energy hadron colliders and Higgs precision tests at eTe™ colliders is highly model-dependent,
i.e. it must be studied for specific classes of models or simplified models.! In the literature,
such comparative investigations have been carried out for a range of models, including the

'Here “simplified models” refer to scenarios where the SM is extended by a set of particles that couple to
the Higgs boson, but additional particles (that do not couple directly to the Higgs boson) may be needed to
construct a UV-complete model.



singlet scalar model [11], Two-Higgs-Doublet models [12, 13], composite Higgs models [14],
supersymmetric extensions of the SM [15], and fermionic dark matter models [16, 17].

Here we extend this body of work by studying the discovery prospects for a class of
minimal fermionic dark sector models. The models are constructed by extending the SM by
two Majorana or Dirac fermion fields that are singlets, doublet or triplets under weak SU(2).
The introduction of more than one fermion field is necessary in order to have renormalizable
couplings to the Higgs boson (see e.g. ref. [18]). For models with one Majorana field, the
ete”-LHC interplay has also been explored in ref. [16], but in contrast to that work we do
not impose dark matter relic density and direct detection constraints, since the dark matter
physics may be modified by additional beyond-the-SM (BSM) particles that do not couple to
the Higgs boson. As a result, we explore a larger region of parameter space, as well as a larger
set of possible (HL-)LHC signatures than ref. [16], which only considered mono-jet constraints.

We assume that the new fermions are charged under a discrete Zo symmetry. This
prevents mixing between the new fermions and SM fermions, and it implies that the lightest
Zo fermion is stable and, if it is neutral, a potential dark matter candidate. We will refer
to this situation as “minimal scenarios.” However, if the minimal dark sector models are
embedded in a larger BSM sector, the lightest dark sector fermions could also decay, either into
other Zs-odd BSM particles or into SM particles through a small Zs-breaking term. We will
consider some examples of such “non-minimal scenarios,” where we assume that the interaction
responsible for the decay of the lightest dark sector fermion is sufficiently small to not affect
the Higgs-boson phenomenology, yet large enough to lead to prompt decays at the LHC.

For the dark sector models studied in this article, the most sensitive Higgs precision
observable is typically the production cross-section for eTe~™ — ZH, which probes the
effective ZZH coupling. This cross-section (henceforth denoted ozy) is modified by the
dark sector fermions at the one-loop level. It could be measured with a precision of 1.2%
at ILC, 0.4% at FCC-ee, and 0.5% at CEPC. At this level of precision, it is mandatory
to take into account radiative corrections in the SM prediction for ozy [19-25]. We will
assume that the SM theory uncertainty for the calculation of oy is negligible compared to
the experimental measurement precision at ILC/FCC-ee/CEPC. For some simplified models
with fermion triplets, modifications of the H — ~~ decay rate also become important, and
we take those constraints into account.

After briefly reviewing the structure of the minimal fermionic dark sector models in
section 2, we describe some technical aspects for the calculation of the deviation of ozy
and other phenomenological constraints in section 3. In section 4 we show results for the
different models in the “minimal scenario” where the lightest dark sector fermion is table. In
this case, direct production of the new fermions at the LHC lead to signatures with missing
energy, and thus they are identical to the expected signals in the Minimal Supersymmetic
Standard Model (MSSM). Therefore, we can use supersymmetry (SUSY) searches at the
LHC to derive existing and projected bounds on the minimal dark sector models. In section 5,
on the other hand, some examples of “non-minimal scenarios” will be discussed. While the
predictions for the oz are unchanged, the LHC phenomenology is modified due to decay of
the lightest dark sector fermion. We consider two possibilities for this decay, one into SM
leptons, which is similar to a SUSY scenario with R-parity violation, and with final states
involving photons, which is similar to gauge-mediated SUSY models. There are of course
many other possibilities for the lightest dark sector fermion decay, but these two examples

_9_



serve as representative benchmarks for the expected reach of the (HL-)LHC for such classes
of models. Finally, we present our conclusions in section 6.

2 Models

In this section, we introduce two UV complete models that extend the SM with two massive
fermionic SU(2) multiplets: one with a singlet and a doublet, and the other with a doublet
and a triplet. Both models include a Yukawa interaction term and can be further categorized
into five distinct types based on the hypercharge, as discussed in the following sections.

Dirac singlet-doublet model (DSDM): this model extends the particle content of the
SM by a gauge singlet Dirac field, xg, and a SU(2) doublet Dirac field with hypercharge
+1/2, xp = (x5, X%). The mass and Yukawa terms of these fields are given by

Lpspm D —mpXpXp — msXsXs — (Y xXpxsH +h.c). (2.1)

Note that the Yukawa coupling y can be always made real through a complex-phase ro-
tation of xp.

The physical spectrum contains a charged Dirac particle Xff) with mass mp, and two
neutral Dirac mass eigenstates X?,h with masses mgh, where

myy, = 5(mp +ms F Ampsgs), (2.2)

)

(Amxyz)? = (mx —my)? + Z(yv)?, (2.3)

and v =~ 246 GeV is the vacuum expectation value of the Higgs field, (H) = (0,v/v/2). The

mass ordering is m? < mp < mg.

In the mass eigenstate basis, the interactions of the new fermions with SM bosons read
Lpspm D % [(cosexi?wxg +sin9x72fyuX415)WH—+h_C_}
— % [0052 gxi?,yux?-mjnz 9)72’7”)(24—%8111(29) (XT)’Y”X?L +X72’YMX?) + (2%, — 1)%,),“)(45} Z,
—egy“ngu - \% {sin(29) (Exg —;?x?) +cos(26) (;?Xg+gx?)] h, (2.4)
where sy and ¢y are the sine and cosine of the Weinberg angle, respectively, and

mX_mY) (2.5)

sin @ = spgo, s3 =—(1
sz X279 ( * Amxyz

If there is a Zo symmetry, X? is stable and leads to missing-energy signatures at colliders,
whereas X% and X?z decay into X? via emssions of on- or off-shell SM bosons,

X = WEED, xh = 200, W (2.6)

For more details and some phenomenological studies of this model, see refs. [18, 26, 27].



Majorana singlet-doublet model (MSDM): in contrast to the DSDM, this model has
a Majorana gauge singlet field, which we also denote as xg. In the following, Majorana
fields are denoted in terms of 4-component Majorana spinors. The mass and Yukawa sector
of this model reads

Lyisbm D —mpXpXD — smsXsxs — (yXpxsH + h.c). (2.7)

In addition to the charged Dirac particle Xf), this model has three neutral Majorana mass
eigenstates, X?m n, With masses

m}), = 5(mp +ms F Ampss),  m,, =mp, (2.8)

and, for sufficiently large values of mp, the ordering m? <md < m?L. Their interactions
are given by

~ g -0 . - .= _
LavspM D 5 [(— cos X?'Y“XB + sin 6 X%’Y”XB +1 Xgﬂuxg)wu + h.c.}

=i cos O xPy"xG, + i sin 0 xPrx5, + (1= 28%) X p*"xh | Zu
Yy
2

cw
— XDV XD A+ 5 [sin(20) (Px? — XTxh) + cos(20) (XS, + xId) |
(2.9)

where sin = spg4, with the symbol syyz defined in eq. (2.5).

The MSDM has been studied extensively in the literature [16, 18, 28-37]. Ref. [38]
explored some of the interplay between the LHC and ete™ colliders in probing this model,
with a focus on Higgs observables at both colliders.

Dirac doublet-triplet model: extensions of the SM with one SU(2) doublet and one
SU(3) triplet Dirac field allow some freedom in the assignment of hypercharges. Here we
consider two options, one where the triplet field has hypercharge —1, and the other where
the triplet field has hypercharge 0. There are very few existing phenomenological studies
of these models in the literature [18].

Dirac doublet-triplet model with triplet hypercharge —1 (DDTM1): to form a
Yukawa coupling, the doublet field must have hypercharge —1/2 in this case. The field
components can be written as

0 — 0
XD XT/\/§ XT
XD = N XT = — _ . (210)
(XD> ( X1~ —Xr/V?2
The mass terms and Yukawa interactions are
EDDTMl D —mpXpXD — MT TI‘[XTXT] — (yYDXTH =+ h.C). (2.11)

The physical spectrum contains two neutral Dirac particles X? n, two singly charged Dirac
particles Xl:t}p and one doubly charged field X%i. Their masses are given by

0 1 + 1 ++
myy = 5(mp + mr F Ampra), myy, = 3(mp +mr F Ampr), m** = myp,

(2.12)



and their interactions read

Loomn 2 g{ [(Fzec —s5) XPr"x; + (58’ =) xXqr¥ X, +(Zgsd +es ) X'

+(Jges'+sd )X =5 X VX NN }WJJrh-C-}

(
il

20W

(=2) X7 X7 + (52 =2) xPv" 1 +se P71+ X0 xT)
(2 =25 X 7 (5= 258) X577 57 007X + X VXD

+2(1-2s%) X7 VX7 | Z

—

+e[X, VX7 XA X +2XT Y XT | Au

_ \% [5in(20) (X xh — X)) +cos(260) (xPxh +2x0xF) | 1

yr. —— _ = _ —— _  —— _
"‘5{3111(2‘9/)0(}1 Xn —X; Xp ) +cos(20) (X X, +X5 X )}h’ (2.13)
where s = sinf) = spya, ¢ = cosf, s’ =sin@ = —spr1, ¢ = cos?'.

Dirac doublet-triplet model with triplet hypercharge 0 (DDTMO): this model
shares some similarities with the DDTM1 model, but now the doublet field has hypercharge
+1/2, and the field components are given by

_(xh C(XFINV2 Xxr
XD = (X%> ) = ( X —XOT/\/§> . (2.14)

The mass and Yukawa terms have the same form as in (2.11).

The mass term and Yukawa interactions are same as eq. (2.11). The model contains
two neutral Dirac particles X?,h and three singly charged Dirac particles Xfm,h, with the
following masses:

~0 +

1 . 1 +
myy = 5(mp +mr F Ampr), myp, = 3(mp +mr F Amprs), My,

= mr.
(2.15)

Since we assume a Zs symmetry in the dark sector, the lightest fermion should be neutral,
i.e. we require [m{| < |mi|. For this model this can only be achieved if mp and m have
opposite signs [18]. For the phenomenologlcal studies in section 4.4 we show results in terms
of “sign-less” masses, ml h ]N

The interactions of the new fermlons read

Lo D g [(J5ec —s8) X1 + (555 —cd ) i’ X+ (Jgse +es) Xr'x(
+ (5o’ +5¢) X1 =X XF X X0 Wy e}
g

~Fow (XX + 5 X0+ se (P xh X0 xF)

(e =20k ) X+ (52 =26 a5 O X )|

+268y X" Xin | Zi



+e[ X VX =XV XE XX A
YT o o0 0.7
+ 2 [sin(20) (QXE —xPxP) +cos(20) (xR +xid) |
v T — . —
-7 [sin(26") (i =X ) +e0s(26) (s +xd ) | B (2.16)

where s = sinf = spy1, and s’ = sin® = —spr9, i.e. the values of 6 and ¢’ are reversed
compared to the DDTMI1 model.

Majorana doublet-triplet model (MDTM): if the triplet has hypercharge 0, it can
also be a Majorana field (similar to the wino in supersymmetry). Again using 4-component
Majorana spinor fields, the Largrangian for the mass and Yukawa terms reads

Lypry O —mpXpXp — smr Tr[xrxr] — (yXpxrH +h.c). (2.17)

The physical mass spectrum of this model encompasses two charged Dirac states Xzih and
three neutral Majorana states X(l),m,h‘ At tree-level, their masses are

myy, =miy, = 3(mp +mr F Amprs), my, =mp. (2.18)

Unless mp is very small, one has the mass ordering m? < m?n < m%. The degeneracy

between m? and mfE is lifted through one-loop corrections [39-42], producing a small positive

contribution to mljE — m?, so that the lightest state is charge-neutral. The relevant interactions

in the mass basis are
LMpTM D % { {(1 +sin? 0))7?’%‘)(;r —(14-cos? G)Xi?ﬂ“xz + 1 sin(26) (;?y“xz —;gy“xf)
i cosOXO My +i sinaﬁyﬂx,ﬂ W, +h.c.}
+ﬁ {z cos 9)7?7“)(9,1—1’ sin@xi%y“xgn
—(cos®0—2¢2,) xS v x; — (sin? 0—2¢,) X v x) —sin@cos&(ﬁ’y“xz +E’y“xl+)] } Z,
—e [ A
25 [sin(0) (3PP~ 500 ) eos(26) (3R + 50T —xd i i) b
(2.19)

where sin = spro. See refs. [16, 18, 43, 44] for more information and further studies of
this model.

3 Calculation of experimental sensitivity and constraints

In this section, we start by introducing the computational techniques for calculating the
deviation of oz and then discuss all constraints for phenomenological study, which include
oblique parameters, Higgs diphoton decay branching fraction, and collider searches at the
(HL-)LHC.



Figure 1. Self-energy (left) and vertex (right) Feynman diagrams with new fermions, denoted as
X Vi=77.

3.1 NLO corrections to oz
The deviation of o7y due to new fermions is defined as

FDS SM
Ozn — 9zH
SM
071

5= : (3.1)

where “FDS” denotes any of the models introduced in the previous section, with extend the
SM by a set of dark sector fermions. Both integrated cross sections are computed assuming
unpolarized electron-positron beams. The inclusion of polarized beams does not introduce
any changes, as all dark matter fermions are considered to be vector fermions. The Standard
Model contribution, 0%11\{/[, takes into account one-loop EW as well as fermionic two-loop
electroweak corrections, and the corresponding result is obtained from ref. [24]. On the other
hand, the numerator of eq. (3.1), which involves contributions from dark sector fermions, is
calculated at one-loop order. At the one-loop level, the inclusion of new fermions contributes
to ob ™ through self-energy and vertex contributions. The corresponding Feynman diagrams
illustrating these contributions are depicted in figure 1.

For the generation of the corresponding one-loop amplitudes, we use the package FeynArts
3.11 [45]. All models introduced in the previous section have been implemented in FeynArts

model files.2

For the computation of the cross-section, FeynCalc 9 [47] and a private
Mathematica code have been used, and it has been checked that the two sets of results agree.

In this work, we employ the on-shell renormalization scheme. The dark sector fermions,
serving as intermediate states, require no renormalization for their masses, fields, or Yukawa
coupling. However, they do influence the self-energy of the SM bosons, leading to extra
contributions to the boson masses, fields, mixing angle, and electromagnetic coupling from
these new fermion interactions. These corrections to the SM counterterms are also computed

using the FeynArts model files mentioned above.

3.2 Oblique parameters

Assuming that the new fermions are heavier than the W and Z boson, they indirectly
contribute to the propagators of gauge bosons through off-shell loop effects, i.e. the so-called
oblique corrections [48-50]. The effects of oblique corrections are parameterized by six oblique
parameters: S,T,U,V,X and W. Among these, the first three parameters are strongly
constrained by electroweak precision observables. Furthermore, we fix U = 0, which is
motivated by the fact that U is suppressed by an additional factor M2, /M% compared to S

2The model files are available from the authors upon request, written in two different ways. One utilizes
private code, while the other implements FeynRules packages [46], serving as a cross-check.



and T where M e is the energy scale of new physics. This suppression can also be understood
from an effective field theory (EFT) perspective: S and T correspond to dimension-6 operators
HTWgya“HB“V and H'(D,H)(D*H)"H, respectively, while the operator contributing to U
in the lowest order is a dimension-8 operator HTWﬁVJaHHTWbWJbH [51].

The definitions of S and T at one-loop level are

o o WY(ME) —T00) oy —siy (M7) 155 (M7) (3.2)
4sych, M?2 cw Sw M? M?Z '
8%/‘/ new 1 new 2SW new 1 new
ol = SRV (0) + —5 (0) () 0)  (3.3)

) 2 ~AA - 92 “ZA - 2 HZ7Z
&y M2 ew M3 M2

where 3"V stands for the transversal gauge-boson self-energy corrections from new physics,
and II(p?) = %(p?)/p?. Under the assumption U = 0, the numerical values of S and T from
a multi-parameter fit at 95% CL are [52]

S =-0.01+0.14, T =0.04+0.12. (3.4)

As explained in the previous subsection, we compute the corrections to S and T from the
models in section 2 using FeynArts, FeynCalc and a private Mathematica code. For the
Majorana models (MSDM, MDTM), the T parameter correction is zero and the S parameter
contribution tends to be numerically small and within the electroweak precision limits. On
the other hand, the bounds in eq. (3.4) significantly impact the allowed parameter space for
the Dirac models (DSDM, DDTM1, DDTMO0), as will be shown in section 4.

3.3 Higgs decays

In the doublet-triplet models, the decay rate of Higgs to di-photons is changed at one-loop
level due to the presence of virtual charged fermions. The decay ratio with respect to the
SM rate is given by

_ T'(h — ) :’ N Ay ‘2
7 Tsm(h — )

The one-loop corrections for the SM, Agy, and the fermionic dark sector, A,, are defined as

yie (3.5)

v
Agm = D NAGAp(1p) + Ap(tw), Ay = ZQinm—AF(TX) (3.6)
f X X
with 7, = m?2;/4m?2,

given by [18, 53-55]

where my is the Higgs mass. The loop functions Ay p for 7 < 1 are

2 .92
Ap(T)= ﬁ{T—F(T—l)arcsm \ﬁ},
1
Ap(T) :—ﬁ{272+37+(67—3) arcsin® ﬁ} (3.7)
For the three doublet-triplet models, the expression for A, is given by

1 for DDTM1

A U2y2 ( 1 A ( ) 1 A ( )> % (3 8)
XT o x_ay | xRN E) T AR(T '
2(my, —my7) \my, heomy : 9 for DDTMO0, MDTM



The current measurements of R, from the ATLAS and CMS experiments at 95% CL are
R, =1.04703% [56] and R, = 1.12 + 0.18 [57], respectively. The projected result at HL-LHC
can be found in ref. [58], in which the uncertainties are expected to be reduced to 8% by
combining the gluon-fusion and bb annihilation channels. The expected precision at FCC-ee is
R, =1%0.09 [9], which is comparatively lower than the projected HL-LHC result. Therefore
we do not show constraints on R, from FCC-ee or other future e*e™ in our plots below.

3.4 Collider searches

In addition to indirect constraints from oblique parameters and Higgs precision physics, dark
sector fermions with masses of O(TeV) or less could be directly produced at the LHC. Due
to the Zo symmetry, fermionic dark matter must be produced in pairs, and particles heavier
than X? eventually decay into X?- The relevant production channels include

qq — W= = xF (= W) + X (= x{ + 2% /H),
a7 = Z* = X" (= x{ + Z*/H) + X°(= x{ + Z*/H) (3.9)
a@ — Z* = xF (= XPWE) + xF (= W),

where y*0 denote the heavier charged and neutral particles, which decay to the lightest
neutral particle through W, Z or H emission.? The first production channel typically leads
to the strongest constraints since the production cross section is largest for the models
considered here. The Z, W and Higgs can decay either leptonically or hadronically, which
lead to the signatures with hadronic, semi-leptonic and fully leptonic final states plus missing
energy if the Zy symmetry is exact.

The experimental signatures for the processes in (3.9) are very similar to electroweak
production of charginos and neutralinos in the Minimal Supersymmetric Standard Model
(MSSM). Therefore, we translate bounds from existing supersymmetry (SUSY) searches
at the LHC, as well as projections for upcoming HL-LHC. The charged fermions in our
models share similar properties to charginos, and the Majorana fermions are similar to the
neutralinos. As a result, the exclusion limits from SUSY searches can be directly applied
to the Majorana models (MSDM, MDTM). Additionally, we can obtain exclusion limits for
models involving neutral Dirac fermions through the following recast

O.Dirac(qq/ N XO,iXO,:F)

SDirac — SMSSM
UMSSM(qq’ — XO,iXO,x)

(3.10)

where SPrac,MSSM {enote the signal significance of the Dirac model and MSSM, respectively.
The cross sections correspond to the processes in (3.9).

The searches for R-parity conserving SUSY at colliders can be categorized according
to different final states. Fully hadronic final states benefit from large SM gauge boson
decay branching ratios, but they require large amounts of missing energy to distinguish the
signal from the SM background. Thus these search channels are sensitive to scenarios with
large mass splitting. Multi-lepton final states are sensitive to scenarios with moderate mass

3The heavier neutral particles can also decay to v + x? through a loop-induced interaction, which is
suppressed and thus not included.



splitting, while this class of searches fails in the compressed mass scenario, since the leptons
from the decays become too soft to pass the event selection trigger. In such case, an energetic
jet from initial state radiation can help to enhance the detectability of the signal. The final
state particles recoil against the ISR jet, i.e. the missing transverse momentum is of the same
order as the jet, which helps to suppress backgrounds. According to ref. [59], the final state
with a soft photon, jet and missing energy can also improve the sensitivity for compressed
mass scenarios. All categories have been taken into account, as we will show in the section 4.

In the context of the non-minimal scenarios, the final state signature will be similar
to the one in minimal scenario, but involves additional decay products from the unstable
lightest fermion. As discussed in the introduction, final states signature with four leptons and
di-photons are considered as benchmarks, allowing us to directly implement the exclusion
limits obtained from searches for R-parity violating SUSY and gauge-mediated SUSY. The
collider searches for RPV SUSY have studied in refs. [60-62], and the collider search for
gauge-mediated SUSY can be found in refs. [63-67]. In these searches, the heavy charginos
and neutralinos are assumed to be a mixture of winos and Bino. Encountering the other
possibilities of heavy charginos and neutralinos, we take advantage of the upper limit on the
signal cross section. A more detailed analysis will be presented in section 5.

4 Results for minimal scenarios with stable dark sector fermions

The following input parameters are used for the numerical evaluation:

myt =80.379 GeV = my = 80.352 GeV,
my,P =91.1876 GeV = my = 91.1535 GeV,

my = 125.1 GeV, my = 172.76 GeV,
a~ ! =137.036, Aa = 0.059,
Vs =240 GeV, (4.1)

where /s represents the center-of-mass energy, and the masses of all other fermions are
set to be 0.

4.1 Dirac singlet-doublet model

In the Dirac singlet-doublet model, the chosen set of free parameters consists of y, m?, and
Amp, = mp — m?. Figures 2 and 3 display the distribution of the relative cross-section
deviation ¢ at different values of m{ and Amp), with y = 1 and y = 1.5. A zoom-in version
of figure 2 for small Amp is displayed in figure 3. In each plot, different magnitudes of the
deviation J§ of the expected ete™ — ZH cross section are represented by different colored
stars. The green, yellow, red, and purple stars represent deviations of {0,0.5%}, {0.5%, 1%},
{1%,3%}, and {3%, 00} respectively. The gray stars denote the parameter space points
that are excluded by oblique parameters.

To evaluate constraints from LHC searches, we observe that in terms of the free parameter
set, the mixing angle is written as

222

222 + 17

sin?f =

(4.2)
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Figure 2. Parameter scan result for DSDM with y = 1 (upper) and y = 1.5 (lower). The dashed lines
are the 95% CL exclusion contour based on refs. [68] (“4q, ATLAS”), [69](“11bb, HL-LHC”) and [70]
(“LEP”), respectively.

where x = Amp,/(vy). For large mass difference, sin?§ ~ 1, thus the heavy charged neutral
particle, X?l, has a dominant doublet component and becomes nearly mass degenerate with
the charged particle, Xf)- This scenario is similar to the bino-Higgsino system for mpz < mp
(with decoupled wino) in the MSSM. If the mass difference is moderate, Amp; < 200GeV,
sin? @ =~ 0.5, and the cross section of pp — X%X% deviates from Higgsino production by a
factor of a few. Accounting for the angle suppression, we perform the following recast

SPSPM _ gHiggsino o gin2 ¢ (4.3)

Through this recast, we derived the observed 20 exclusion limit at the LHC from ref. [68],
by implementing the HEPData from ref. [72], and the expected exclusion limit at the HL-
LHC from ref. [69]. The modification of the exclusion curves due to the signal strength
suppression (4.3) is taken into account approximately by interpolating between the 20 and
50 contours presented there. These two constraints are denoted as light and dark blue
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Figure 3. Parameter scan result for DSDM with y = 1 (upper) and y = 1.5 (lower). The LHC
exclusion curves from direct searches for the new fermions are based on ref. [71].

dashed lines in figure 2. The red dashed line corresponds to a lower limit on chargino mass
mp > 103.5 GeV, consistent with the LEP search [70]. For y = 1, the most stringent limit
in the large mass difference region will come from the HL-LHC search, and it can exclude
the mass difference between 200 GeV and 1.1 TeV, assuming a massless X?- Incorporating
constraints from oblique parameters, a large fraction of the parameter space that can be
probed via ozy measurements at future colliders would already be excluded, except for
small mass differences, Amp; < 200GeV. For larger Yukawa couplings, such as y = 1.5,
the region covered by LHC searches is already excluded from LEP constraints on oblique
parameters, but there is a region with large mp that would produce observable deviations
§ > 0.5% at future eTe™ colliders.

For small mass difference, Amp; < 150 GeV, sin? @ < 1 and the heavy neutral particle,
X%, is predominantly a singlet. Thus the production channel involving X?L is suppressed. The
most important production channel is pp — X%x%, which is equivalent to charged Higgsino
pair production in the MSSM. Using the results of the study in ref. [71], we can show the
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expected 95% CL exclusion contours for the LHC (assuming 100 fb~—! at 13 TeV) and HL-LHC
(3 ab™! at 13 TeV), which are denoted as dashed lines in figure 3. Only a small region of
parameter space, with mp < 250 GeV and Amp; < 20 GeV can be probed by the HL-LHC.
On the other hand, observable deviations § > 0.5% at future e™e™ colliders could be obtained
in a narrow parameter region extending to m? values of several hundred GeV, in particular
for y > 1, which is well beyond the reach of LHC searches.

4.2 Majorana singlet-doublet model

For the Majorana singlet-doublet model, we choose ¥, m%, Amyp = m%—m? as free parameters.

For each viable choice of parameters {m?, Amyy, y}, there are two solutions for the underlying
Lagrangian parameters, {mg, mp}, and the mixing angle, sin? . For the latter, they can
be written as, in terms of the free parameters,

) 1 4
sin 025 1+ 1—9 , (4.4)

where x = Amy,/(vy). The positive solution leads to doublet-dominated x!, thus we refer this
solution as doublet-dominant scenario, and the other as singlet-dominant scenario. Besides,
x > 2 is required to satisfy the condition sin?# < 1, which gives rise to large mass differences
between ) and x¥, Amy = O(500 GeV). To study the LHC reach for new fermions with
large mass difference, we consider SUSY collider searches with energetic leptonic and hadronic
final states [68, 69, 73-75].

In the doublet-dominant scenario, the dark matter candidate X? remains mostly a singlet,
and all three heavy particles are predominantly doublets and exhibit nearly degenerate masses.
Figure 4 displays the results of a parameter scan for y = 1 (upper plot) and y = 1.5 (lower
plot). There are no relevant constraints from the oblique parameters in the MSDM (in
particular the T parameter contribution is zero in this model).

To study the LHC phenomenology, we observe that the doublet-dominant scenario is
similar to the bino-Higgsino system (with decoupled wino) in the MSSM. In fact, this
correspondence would be exact for tan 5 = 1 and y = g, but any deviations from these two
relations have little impact on the production cross-section, as long as the mixing angle is
small, which is true in the parameter regions considered here. The most stringent constraint
from current LHC data arises from chargino and neutralino searches in the fully hadronic final
state [68], denoted as the light blue dotted line in figure 4. For small m{, mass differences
smaller than 900 GeV are excluded at a 95% CL. The expected 95% CL exclusion region
at HL-LHC, focusing on the final state with 1 lepton and 2 b-jets [69], places an lower
limit on Amy,; around 1100 GeV. For y = 1, only a small part of the remaining parameter
space points yield deviations greater than 1%. More parameter points lead to deviations
greater than 3% for y = 1.5.

In singlet-dominant scenario, m?l R mg > mp R m?. In this case, production of X% at
the LHC is suppressed due to its large singlet component, thus the most important production
channels are pp — X?x%, X%XB Due to the small mass difference between X% and X? in
this scenario, we look at collider searches for compressed Higgsinos [71, 76-81], and replace
Amy by Amp = mp — m?. The result of a parameter scan in the singlet-dominant region
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Figure 4. Parameter scan result for MSDM with y = 1 and y = 1.5 in doublet-dominant scenario,
together with current and projected LHC constraints from refs. [68] (“4q, ATLAS”) and [69], (“1lbb,
HL-LHC”), respectively.

with fixed y = 1 is shown in figure 5. Two regions exhibit § > 0.5%: m) < 50 GeV and
m? =~ 100 GeV. The first region leads to large relative deviations due to the threshold effects,
but it is already excluded by LEP searches for charginos [70]. In the second region, mg
reaches its minimum value. The LHC search with soft-lepton final states [79] has excluded
parameter space points within this region for which Amp; < 60GeV at 95% CL. Increasing
the Yukawa coupling to 1.5 does not lead to any qualitative differences and thus is not shown.

4.3 Dirac doublet-triplet model with triplet hypercharge —1

In the Dirac doublet-triplet model with hypercharge —1, we consider the following free
parameters: v, m?, Amy = mfE - m?. Similar to the MSDM case, two solutions for the mixing
angle in terms of these free parameters lead to two scenarios, where the Xli state is either
mostly a doublet or mostly a triplet. We refer to these scenarios as the doublet-dominant
scenario and triplet-dominant scenario, respectively. In both scenarios, the only relevant
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Figure 5. Parameter scan result for MSDM with y = 1 in singlet-dominant scenario, together with
direct search constraints from LEP [70], LHC [79] and HL-LHC [76].

production channel is pp — X;EX?F for two reasons:* (a) lec is the lightest unstable particle;
(b) all the other heavy particles are much heavier and effectively decouple. To illustrate the
latter explicitly, we can express the masses of decoupled heavy particles in terms of Amy,

0 0
— 1
mpomp g, L
Amy 42
mf — m? B i
Am” N 472 ’
— 0
m-T —my 1 1 1/ 24 1
Amy 2 8z2 + 8 x2 * x4’ (4.5)

where z = Amy/(vy). To ensure all parameters are real, the condition 22 < (3/4 — 1/1/2) =
0.043, is imposed,® which leads to relatively heavy mg’i and m~~. For example, for y = 2
and Amy < 50 GeV, one has m% > 1.25TeV. Thus the production cross section involving
those particles can be ignored.

The distributions of § in the doublet- and triplet-dominate scenario are shown in figure 6
and figure 7 respectively. In both scenarios, the Yukawa coupling is considered with values 1
and 2. For same Yukawa coupling, ¢ exhibits similar distributions in both scenarios. The
constraint from the Higgs to di-photon decay branching ratio is denoted as the black solid,
dashed and dot-dashed lines, which represent the upper limits of R, from the CMS [57],
ATLAS [56] as well as HL-LHC [58], respectively. The whole parameter region shown in
figure 6 and figure 7 satisfies the lower bounds on R, thus they are not visible in the figures.

For the case of y = 1, the oblique parameters and the R, constraint exclude the region
of large mass differences for small m{. The majority of the surviving parameter points yield

“The production channel, pp — Xlix?, can also contribute and leads the final states with soft lepton and
jet, as discussed in ref. [82]. However, this exclusion region from this channel is weaker than pp — xli X, , and
thus not included.

522 > (3/4 + 1/4/2) also leads to real parameters, but it is not compatible with the mass ordering

0,+
m? <mli <my’T.
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Figure 6. Parameter scan result for DDTM1 with y = 1(upper) and y = 2(lower) in the doublet-
dominant scenario. The light blue and dark blue dashed line represent the expected 95% C.L. reach of
100fb~* and 3ab~! LHC13 from ref. [71], denoted as “soft 21,LHC” and “soft 21, HL-LHC” respectively.
The constraint of LEP [70] is the dark red dashed line. The black lines denote the upper limits of R,
from the CMS [57], ATLAS [56] as well as HL-LHC [58], respectively.

0 > 0.5%, while only a few points result in 6 > 1%. As the Yukawa coupling increases, a
greater number of parameter points are excluded by the oblique parameters, but there is a
slice of unconstrained parameter space with § > 0.5% extending to multi-TeV values of m?.

For a doublet Xli, the production channel, pp — Xlixf, is equivalent to charged Higgsino
pair production. Besides, the condition 2% < 0.043 causes Amy < O(50 GeV) for a O(1)
Yukawa coupling. As explained in the previous subsection, scenarios with such small mass
differences can be best searched for by using the hard jet plus soft leptons signature at the
LHC. The expected 95% CL reach of LHC13 with 100 fb~! and 3 ab™! from the analysis
in ref. [71] is shown by the light and dark blue dotted lines in figure 6 respectively. The
exclusion contour from chargino searches at LEP [70] (red dotted line) is also shown in
the figure. These bounds are also applied to the triplet-dominant scenario. To account for
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Figure 7. Parameter scan result for DDTM1 with y = 1(upper) and y = 2(lower) in the triplet-
dominant scenario. The light blue and dark blue dashed line represent the expected 95% C.L. reach of
100fb~* and 3ab~! LHC13 from ref. [71], denoted as “soft 21,LHC” and “soft 21, HL-LHC” respectively.
These constraints are rescaled according to eq. (4.6). The constraint of LEP [70] is the dark red

dashed line. The black lines denote the upper limits of R, from the CMS [57], ATLAS [56] as well as
HL-LHC [58], respectively.

the differences of the production cross section between the doublet- and triplet-dominant
scenario, the following recast was performed:

b +
o Trib et(pp —X] Xl:F) ~ SDoublet % 1 (46)

STriplet _ SDoublet
- +
gDoublet (pp N X; Xl:F) 5

where S denotes the signal significance and “Triplet(Doublet)” stands for the triplet(doublet)-
dominant scenario. This equation implies that the 95% CL exclusion contour for a triplet Xli
corresponds to 100 exclusion contour in the doublet case, which is obtained by extrapolating
table 4 of ref. [71], resulting in the contours shown in figure 7. As is evident from figure 6
and figure 7, the exclusion contour in triplet-dominant scenario is smaller than the doublet
one due to the suppression of the production cross section.
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As can be seen from the yellow and red points in figure 6, precision measurements of
the ZH cross-section at eTe™ colliders can probe significant parameter regions of that are
beyond the reach of the LHC, namely for Amy > 20 GeV or values of m? of several hundred
GeV. For larger Yukawa couplings (y = 2), the interesting parameter region is shifted to
larger masses, since the constraints from oblique parameters are stronger, but there is still
substantial territory where it is possible to have deviations § > 0.5% for 200 GeV 2> m? z
2TeV. A similar qualitative behaviour is observed for the triplet-dominant scenario, figure 7.
In particular, due to the suppressed LHC production cross-section in this scenario, the LHC
can only cover a small part of the parameter region where 6 > 0.5%.

4.4 Dirac doublet-triplet model with triplet hypercharge 0

For Dirac doublet-triplet model with zero hypercharge, the free parameter set is chosen to
be {y, m?, Amy =m$) —mP}. Similar to the MSDM, the mixing angles have two different
values for each choice of free parameters {y, mp}, and are written as

sin? 0 = % (1= Vi-272), (4.7)

1 V1—z72
sin0 =~ (1£ Y2, (4.8)
V1472

2
where z = Amy,)/(vy). We refer to the positive solution as the “doublet-dominated scenario,”
in which X?I’i are mainly doublets, and the other solution stands for the “triplet-dominated
scenario.”

In figure 8, the mass distributions of the five particles are shown as a function of Amy,
for two choices of the Yukawa coupling, y = 1 and y = 2, while m} is set to be 300 GeV. In
the doublet-dominated scenario, the lightest particle is X;—Z, which is not charge neutral and,
if it is stable, is inconsistent with cosmological constraints. However, in the triplet-dominated
scenario, x) can be the lightest particle if the mass difference satisfies Amy > v2y?/(8mY).
It is also evident from the figure that m? & mli and mp =~ m?I R mf. This is related to
the fact that in this scenario the mixing angles are cos 6 =~ cos ' =~ 1, which indicates that
x?’i are doublet-dominant states, while X%i are predominantly triplets, i.e. their masses
are close to mrp.

Figure 9 displays 4 in the triplet-dominant scenario at different values of m{ and Amy,
and the Yukawa coupling is chosen to be y = 1(2,2.5) in the upper(middle,lower) plot. In the
figure, a new type of point is introduced and represented by dark gray stars. These points
correspond to parameter choices that result in complex masses or mp < m?, and they are
excluded since they are unphysical. This exclusion removes a few points in the region of
small mass differences. Additionally, more points in the small mass difference region are
excluded due to constraints from oblique parameters.

Viable parameter space points with 6 > 0.5% are limited and they are concentrated
in the region with large mass difference, which can be best constrained through collider
searches using energetic leptons and hadronic jets in the final states. The relevant channels
include the production of charged states pairs, pp — Xfxif, Xf,ixffl,ﬁ as well as the production

5The production channel pp — XlinI is not taken into account since mli —m = O(20 GeV).
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Figure 8. The mass distribution of five particles in the Dirac doublet-triplet model with hypercharge
Y =0 (DDTMO0), as functions of Amy,; in the doublet-dominate scenario(left) and triplet-dominate
scenario(right). The Yukawa coupling is chosen to be: y = 1 (solid) and y = 2 (dashed), and
my = 300 GeV in both plots.

of charged-neutral pairs, pp — X%xf, X%X$-7 The cross section summing over all channels
are approximately twice the cross section of wino-pair production, pp — WEWT + WOW=.
Consequently, the 95% CL contour in this model corresponds to the 1o exclusion region
in the search for Wino-pair production. We use the results from refs. [68, 69]. The LHC
bound is obtained by extrapolating the bounds for wino and Higgsino pair production (which
has a cross-section of roughly half the wino pair production cross-section), with the help
of HepData [72, 83]. The exclusion contour at the HL-LHC is obtained by extrapolating
the 20 and 50 bounds presented there.

The resulting estimated exclusion contours are incorporated into figure 9. Among these
searches, the most stringent constraint arises from the HL-LHC projection, which excludes
mass differences up to 1.4 TeV assuming a massless dark matter candidate. Combining the
constraint from the Higgs diphoton decay branching fraction, all parameter points with
0 > 0.5% within the region depicted in figure 9 are excluded for y = 1, while surviving points
emerge for Amy, 2 4.6 TeV. There exist a few surviving parameter points with § > 0.5%
in the case of y = 2, with TeV-scale fermion masses and large mass differences. For even
larger Yukawa couplings, such as y = 2.5 shown in figure 9 (bottom), the entire parameter
region with m? < 1 TeV is excluded by the oblique parameters, but observable deviations
§ of the eTe™ — ZH cross-section are found for fermion masses beyond 1.5 TeV. This is
well beyond the reach of the (HL-)LHC, whereas this region can be explored at a 100 TeV
hadron collider, as analyzed in ref. [84]. The precision measurements of the cross section
for ete™ — ZH can offer complementary information to the direct searches conducted at
the 100 TeV hadron colliders.

4.5 DMajorana doublet-triplet model

For the Majorana doublet-triplet model, v, m? and Amy = m% - m? are chosen as free

parameters. Similar to the Majorana singlet-doublet model, for each choice of free parameters

"The production of neutral pairs, pp — x> x"%, can also contribute. However, the channel is significantly
suppressed by the factor sin? 6 ~ 0.

~19 —



T T T T T T T T T T T T T
r — 0f  easssmm==
o000l DDTMO, y=1 6<0.5% 4q, ATLAS
[ * m-|-<m?; Im[mT]+0 0.5%<6<1% ======-- 1lbb, HL-LHC ]
= [ & Excludeby ST  * 1%<6<3% |
> 1500 .
9' 4
o — q
0 , J
g~ 1000+ .
I.I_::
£
< [ RS
500 RHL-LHC 9o = ]
0 L n n L
800 1000
r T T T T T T L L L A B R R
4000  DDTMO, y=2 6<0.5%  ---eeeee 4q, ATLAS
[ % mp<m®; Immyl#0 © 0.5%<6<1% =======- 1lbb, HL-LHC ]
[ % ExcludebyS,T  * 1%<6<3% ]
= 3000F
S,
o —
T
S 2000
I-:_:
S -
1000 % 4z
Rk [,
800 1000 1200
m[GeV]
7000 LA IR B R B B B S L SR R R | T T T T ]
DDTMO, y=2.5 6<0.5%  ---eeeee 4q, ATLAS
6000f * mr<m®; Im[my]#0 © 0.5%<6<1% ====---- 1lbb, HL-LHC
= F % Excludeby ST * 1%<6<3% ]
o) q
o, ]
o~ 4
; ;
oL 9
g 4
3

Amh|

0 500 1000

1500

2000 2500 3000

m[GeV]

Figure 9. Parameter scan result for DDTMO with y = 1, y = 2 and y = 2.5 in the large mass
difference region, together with current and projected LHC constraints from refs. [68] (“4q, ATLAS”)
and [69], (“11bb, HL-LHC”), as well as the constraint from branching fraction of the Higgs boson to

di-photons from [56-58].
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{y, Amp1}, the mixing angle has two different possible values

1 / 2
.2,

where = Amy/(vy) > v/2 to ensure all parameters are real. Following what we did in the
Majorana singlet-doublet model, we will refer the positive solution as “doublet-dominant”
scenario, under which X2’+ is mostly a doublet with a small triplet admixture, and the second
as “triplet-dominant” scenario. Besides, > v/2, which corresponds to a mass difference
of the order Amyp; = O(400 GeV), must be satisfied to ensure all parameters are real. As
discussed in section 4.2, collider searches for signatures with energetic leptons and hadronic
jets can put stringent bounds on dark sector fermions with large mass differences. We consider
the searches reported in refs. [68, 74, 75] and projections from refs. [69, 73].

In the doublet-dominant scenario, three heavy particles are all doublets and nearly mass
degenerate, while two light particles are triplets, which is similar to the wino-Higgsino scenario
for my;, < mp (with decoupled bino) in MSSM. In the wino-Higgsino scenario, it is typically
assumed that the three Higgsino components are mass degenerate, namely My = Mgy = Mgy
However, in our model, the mass ordering is such that m2, < mg = mf Despite this difference,
when considering the effects of mixing angles and mass differences, the modifications to the
cross section are found to be less than 10%. Consequently, the mass difference is adjusted by
approximately O(10 GeV), which is small and causes no qualitative difference. Thus the results
in wino-Higgsino scenario from ref. [68] can be directly implemented. Moreover, it is worth
mentioning that the exclusion limits for bino-Higgsino scenario for mpz < mg [69, 73-75] can
also be utilized, which is due to the observation that exclusion limits for the wino-Higgsino
scenario are almost the same as for the bino-Higgsino scenario [68].

In the triplet-dominant scenario, the dark matter production channels include pp —
Xfxf, X%xf, X?nX?{ia where X%i are mass degenerate triplet-dominant states, and x9, is
pure doublet. Production channels involving x¥, are suppressed by sin?@ < 1. Thus the
dominant production channels are pp — X}Tx,f, X%xf, which is equivalent to the Higgsino-
wino scenario (mg < my;,). Similar to above, according to the analysis in ref. [68], the
exclusion limits for the Higgsino-wino scenario are very similar to those of the bino-wino
scenario (mp < my; ). Therefore, we also incorporate the exclusion contours obtained from
studies on the bino-wino scenario [69, 74, 75].

Figure 10 and figure 11 display the scan results in the doublet- and triplet-dominant
scenario, respectively, together with the constraints from oblique parameters, branching
fraction of the Higgs boson to di-photons, as well as the collider searches and HL-LHC
projections. The oblique parameters exclude small values of m?, up to about 50 GeV for
y = 1 and about 150 GeV for y = 2. The constraint from Higgs to di-photon decay branching
ratio is denoted as the black solid, dashed and dot-dashed lines, which represent the upper
limits of R, from the CMS [57], ATLAS [56] as well as HL-LHC [58], respectively. For
y = 2, the constraint from the Higgs branching fraction into photons are becomes stronger,
excluding masses of X? up to 700-850 GeV. At the same time, precision measurements of
ete™ — ZH can probe a larger region of parameter space for the larger Yukawa coupling
y = 2, with deviations § > 0.5% possible for O(TeV) masses of the new fermions. In the
triplet-dominant scenario, the exclusion contours from direct LHC searches are more stringent
due to the higher pair production cross section of winos compared to Higgsinos. The expected
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Figure 10. Parameter scan result for MDTM with y = 1 and y = 2 in doublet-dominant scenario,
together with current and projected LHC constraints from refs. [68] (“4q, ATLAS”) and [69], (“1lbb,
HL-LHC”), as well as the constraint from branching fraction of the Higgs boson to di-photons
from [56-58].

exclusion contour for the HL-LHC significantly extends beyond the current limits, excluding
triplet masses up to 1.3 TeV and doublet masses up to 1.1 TeV, assuming a massless X?- For
y = 1, this would exclude most of the parameter points that could be accessible via ZH
production at eTe™ collider, but there is still an interesting region for m{ < 200 GeV and large
mass differences Amy; beyond 1TeV. This region can be covered at the HL-LHC through
the precision measurement on R,. For larger Yukawa coupling, y = 2, the efe™ — ZH
cross-section is sensitive to larger regions of parameter space beyond the reach of the HL-LHC,

extending to multi-TeV values for mg.

5 Results for non-minimal scenarios with decaying dark sector fermions

In the previous section we considered models where the lightest new fermion is assumed to be
stable, leading to missing energy signatures at the LHC. In general, however, it is also possible
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Figure 11. Parameter scan result for MDTM with y = 1 and y = 2 in triplet-dominant scenario,
together with current and projected LHC constraints from refs. [68] (“4q, ATLAS”) and [69], (“1lbb,
HL-LHC”), as well as the constraint from branching fraction of the Higgs boson to di-photons from [56—
58].

that this particle decays into other BSM particles and/or SM particles through additional
dark sector interactions. For concreteness, let us assume that any additional dark sector
states do not have significant couplings to the SM Higgs and gauge bosons, which implies
that the corrections to ozy and the S and T parameters are the same as in the previous
section. However, the observable signatures at the LHC are modified due to the extended
decay chains. In particular, additional visible decay products from the decay of X? can help
to discriminate the BSM signal from SM background and thus improve the LHC sensitivity.

While the full range of possibilities for the X? decays is too extensive to be comprehensively
explored here, we consider two scenarios that are particularly interesting for the LHC
phenomenology: X? decays into final states with leptons and into final states with photons.
The former is similar to SUSY scenarios with an R-parity violating LLFE coupling in the
superpotential, whereas the latter is similar to gauge-mediated supersymmetry, where the
bino decays into a photon and a gravitino. Therefore we derive LHC limits by recasting
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Figure 12. Parameter scan result for the MSDM with y = 1(upper) and y = 1.5(lower) in the
doublet-dominant scenario. The solid curve indicates the exclusion for leptonic decays of x? using
multi-lepton RPV SUSY searches at LHC13 [60] (“4], ATLAS”). The dashed curve displays the
exclusion for x? decays into final states with photons, using searches for gauge-mediated SUSY at
LHC13 [65] (%2, ATLAS”). In both cases the region below the curves are excluded.

corresponding SUSY searches. Specifically, for the R-parity violating (RPV) leptonic decay,
we use cross-section limits from the study of ref. [60] provided through HEPData [85]. For the
photonic signatures, we employ the study of ref. [65], which also has a HEPData repository,
where the relevant cross-section limits can be found at ref. [86].

For the singlet-doublet models, MSDM and DSDM, we here focus on the doublet-
dominated scenarios, where the interesting parameter region is much larger than for the
singlet-dominated scenarios. As mentioned in the previous section, pair production of
new doublet fermions is similar to Higgsino pair production in the MSSM. Therefore, the
LHC constraints can be obtained by comparing the ATLAS cross-section limits to the
Higgsino pair production cross-section [87] from the LHC SUSY Cross Section Working
Group (see refs. [88, 89] for the cross-section calculations). The results are shown in figures 12
and 13, respectively.
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Figure 13. Parameter scan result for the DSDM with y = 1(upper) and y = 2(lower) in the
doublet-dominant scenario. See caption of figure 12 for the definition of the curves.

For the scenario of the leptonically decaying XV, the constraints from LHC13 are fairly
strong. They exclude almost all the parameter points with 6 > 0.5% for moderate values
of the Yukawa coupling, y = 1, in both the MSDM and the DSDM. For larger Yukawa
couplings, on the other hand, there are significant regions of parameters space where an
observable deviation of the ozy could be obtained that are not excluded by LHC13 data.
The HL-LHC will lead to stronger constraints, but it is clear that is cannot cover the entirety
of these parameter regions.

For the scenario of X? decaying into photon final-states, on the other hand, the constraints
from LHC13 are much weaker. Even for y = 1, most of the parameter space with § > 0.5% is
not constrained by existing ATLAS results, and this is unlikely to change dramatically for
the HL-LHC. Therefore, for the photonic decays of x?, future ete™ colliders are a promising
tool for probing the MSDM and DSDM models.

Now let us consider the doublet-triplet models. For the doublet-dominated (triplet-
dominated) scenarios, the LHC exclusion curves are obtained by comparing the cross-section
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Figure 14. Parameter scan result for the DDTM1 with y = 1 doublet-dominant (upper) and triplet-
dominant (lower) scenario. See caption of figure 12 for the definition of the curves. The black lines
denote the upper limits of R, from the CMS [57], ATLAS [56] as well as HL-LHC [58], respectively.

limits from the ATLAS HEPData repositories to Higgsino (wino) pair production cross-
sections. As before, we use computed cross-section values from the LHC SUSY Cross Section
Working Group [87] for that purpose.

Figure 14 shows the results in the DDTM1 with Yukawa couplng y = 1. As evident from
the figure, the entire parameter space that can lead to visible deviations in ZH production at
ete™ colliders is already ruled out by existing LHC data, both for the leptonic and for photonic
X? decays. Compared to the scenarios with stable X? (see figures 6, 7), the additional leptons
or photons from X? decay help to produce much stronger LHC constraints in this model,
which is characterized by small mass differences between the lighter part of the new fermion
spectrum. The same conclusion holds for other values of the Yuakwa coupling in the DDTMI1.

Since the viable parameter space for the DDTMO is strongly constrained by bounds

from the oblique parameters and the Higgs branching factor R,, we do not explore this
model here further.
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Figure 15. Parameter scan result for the MDTM with y = 1(upper) and y = 2(lower) in the
doublet-dominant scenario. See caption of figure 12 for the definition of the curves. The black lines
denote the upper limits of R, from the CMS [57], ATLAS [56] as well as HL-LHC [58], respectively.

Finally, figure 15 shows results for the MDTM in the doublet-dominated scenario. In
the scenario where X? decays into leptons, the LHC constraints are fairly strong, but there

— 0
= my,

are extensive regions of parameter space with large Amy, — m? that are beyond
the reach of the LHC while leading to significant deviations of oz up to several percent.
For the scenario of X? decays into photons, the direct LHC search bounds are even more
limited. Besides measurements of oz at future eTe™ colliders, the region with large Amy,
can also be probed, to a certain extent, with precision measurements of the Higgs decay
rate to photons (R,) at the HL-LHC, as discussed in section 4.5. The situation is similar

for the triplet-dominated scenario.

6 Conclusions

TeV-scale new particles could cause percent-level deviations in effective Higgs couplings,
offering indirect evidence of new physics, which is the primary task of future Higgs factories,
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Main LHC d. chan- bli
Model  Scenario i prod. chan (HL-)LHC constraint 60%5121“&}( obhiaue
nel ’ para.
DSDM large Amp; pp — Xli))(;ol pp — 4q, [68] < 3% relevant
pp — 11bb, [69]
small Amp; = XHX5 pp = 2lsofs, [71] < 1% relevant
MSDM ¥ doublet-dominant pp — X?L, Dxﬁ, X5x5 pp — 4q, [68] < 6% not relevant
pp — 11bb, [69]
X" singlet-dominant  pp — XOD)(% pp — 3lsofs, [79] < 1% not relevant
pp _>§ 2Zsoft7 [76}
DDTM1 Xli doublet-dominant pp — XliX?E pp = 2lsofs, [71] < 3% relevant
Xli triplet-dominant  pp — Xlixlq: pp = 2lsofs, [71] < 3% relevant
DDTMO x9 triplet-dominant  pp — X%xfT, XfoiT pp — 4q, [68] < 1% relevant
pp — 11bb, [69]
X% doublet-dominant is forbidden
MDTM ) doublet-dominant pp — )(%D)(,T, Xfxf pp — 4q, [68] < 4% relevant
pp — 11bb, [69]
X9 triplet-dominant  pp — X%xf, Xf)(i pp — 4q, [68] < 3% relevant
pp — 11bb, [69]

Table 1. Summary table for the scenarios with stable lightest fermions considered in this work.

5U%§?max denotes the size of the possible deviations of the ete™ — ZH cross-section within current

constraints from electroweak precision and LHC data.

such as ILC, CEPC and FCC-ee. On the other hand, direct search for these particles can offer
complementary information. In this study, we investigate the discovery potential of dark sector
fermions through Higgs precision studies and collider searches, within simplified UV complete
models. The models extend the SM by two weak SU(2) Majorana or Dirac fermionic multiplets,
wherein the lightest charged neutral fermion can serve as a dark matter candidate (“minimal
scenario”) or decay (“non-minimal scenarios”). Both of them are considered in this work.

Specifically, we have considered five different weak gauge quantum number assignments
of the new fermions: an SU(2) singlet plus an SU(2) doublet, where the singlet could be
Majorana or Dirac; and an SU(2) doublet plus an SU(2) triplet, where the triplet could be
Majorana or Dirac. For the Dirac triplet, we consider two options for its hypercharge, 0 and
—1. All these models permit a Yukawa coupling between the two new fermion fields and the
Higgs boson, which plays and important role for the Higgs phenomenology.

The cross-section for ete™ — ZH is modified through loop corrections involving the
new fermions. There deviation would be observable at future Higgs factories if they reach
the level of O(1%). We find deviations of at least 0.5% for large regions of parameter with
new fermion masses of several hundred GeV, and in some cases extending beyond 17TeV,
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and O(1) Yukawa couplings. However, large fractions of these parameter regions can also
be probed through obliqure parameter constraints from LEP electroweak precision data,
Higgs data from LHC (in particular the H — 7+ decay), as well as direct searches for the
new fermions at the LHC. The latter leads to signatures that are very similar to gaugino
production and decay in the MSSM (for the minimal scenario) or extended SUSY models
with R-parity violation or light gravitinos (for the non-minimal scenarios). Therefore, existing
limits from direct searches at the LHC and projections for the HL-LHC can be obtained
by recasting gaugino search studies in the literature.

We have studied the complementarity of future precision measurements of the et e™ — ZH
cross-section (ozp) and constraints from LEP and LHC for the five models listed above.
Constraints from oblique parameters are mostly irrelevant for the Majonara models, whereas
for the Dirac models they restrict the viable parameter space to relatively narrow slices where
ozy is modified by more than 0.5% (but rarely more than 1%). The LHC phenomenology
depends on whether one consider the minimal or non-minimal scenarios.

Let us first summarize the results in the minimal scenario, where the lightest new fermion
is stable and escapes from the detector as missing energy. For moderate Yukawa couplings
(y < 1) and mass differences 2 200 GeV between the new fermions, direct (HL-)LHC searches,
combined with H — =~ constraints, can exclude major portions of the parameter space that
is viable for observable oz effects in all models. For larger values of the Yukawa couplings,
y > 1, oz precision measurements can be sensitive to O(TeV) masses of the new fermions,
which is beyond the reach of the LHC, in particular for the Majorana models. For small
mass differences, bounds from direct LHC searches becomes much weaker, whereas oz can
deliver interesting information about this region.

In the non-minimal case, we consider decays of the lightest new fermions into final
states with leptons and into final states with photons. For large mass differences of the new
fermions, the direct LHC bounds in the leptonic decay scenario are stronger than in the
minimal scenario, whereas they are weaker in the photonic decay scenario. On the other
hand, for small differences the LHC bounds in both the leptonic and photonic decay scenario
are significantly stronger than for the minimal scenario, and they can exclude most of the
viable parameter for o7y measurements in that region. This can be easily understood because
small mass differences among the new fermions implies that their visible decay products
are soft and cannot be used for triggering at the LHC. Therefore, in the minimal scenario
a hard jet is typically required for triggering, which reduces the signal rate, whereas in
the non-minimal scenarios the additional leptons or photons from the decay of the lightest
new fermion can used instead.

Overall we conclude that both the (HL-)LHC and future e*e™ Higgs factories are powerful
tools to study models with new electroweak fermions, and they complement each other.
Depending on the specific model and size of the new Yukawa coupling, the LHC sensitivity
can dominate in some cases, whereas the Higgs factories have superior prospects in other
cases. Finally, it should be that improved determinations of electroweak precision quantities

at future e™

e~ collider, and thus the oblique parameters, would provide an alternative way of
probing these dark sector fermions. In fact, the pattern of deviations in different observables
in the Higgs and electroweak sectors could help to discriminate the type of new physics

underlying these effects. We leave a study of this question for future work.
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