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Abstract: We study the ultraviolet realization of semileptonic four-fermion operator 0;2'[221 that incorporates Ma-
jorana dark matter (DM) in both lepton-flavor-conserving (LFC) and lepton-flavor-violating (LFV) scenarios at the
one-loop level via box diagram, which effectively alleviates the lower bounds on the new physics scale. The inter-
play between the model-independent constraints on the Wilson coefficients and DM direct detection, relic density,
and collider searches in the context of fermion portal DM model with two mediators is investigated. We find that
both the projected future constraint on the LFC Wilson coefficient Clzezdlql/A2 < (123 TeV)™? from the measure-

ments of neutrino non-standard interaction in the next-generation neutrino oscillation experiments, and LFV con-

-2
straint Cllezd'ql /A% < (2.2>< 103 TGV) from ongoing charged-lepton-flavor=violation searches, provide a comple-

mentary exploration of the parameter space encompassing the DM mass and scalar mass. With the colored mediator
mass typically around 2 TeV, the sensitivity of the indirect constraints on the four-fermion operator could surpass
those of collider searches and DM direct detection, in scenarios where the masses of the DM and scalar are close. By
ensuring the correct DM relic density, however, we obtain that the collider searches and DM direct detection are
more sensitive to the electroweak scale DM and scalar compared to the indirect constraints.
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I. INTRODUCTION

While the Standard Model (SM) of particle physics
has achieved striking success, its lack of explanation of
fundamental phenomena, such as the origins of neutrino
masses and fermion flavor structure, and providing
particle candidates for dark matter (DM) underscores the
need for physics beyond the SM (BSM). In light of null
results in searches for new resonances at the Large Had-
ron Collider (LHC), the effective field theory (EFT)
framework offers a powerful way to explore new physics
[1].

In the EFT approach, BSM interactions are systemat-
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ically parameterized as a series of higher-dimensional op-
erators with the corresponding Wilson coefficients sup-
pressed with inverse powers of the new physics scale A.
At the lowest order with mass dimension 5, only one op-
erator is present that gives masses to neutrinos [2], while
exploding numbers of effective operators emerge at high-
er orders [3-5].

There has been growing interest in dimension-6 four-
fermion operators, as being utilized to fit precision data
and address anomalies observed at the LHC and in low-
energy experiments [6—9], and intriguing connections
with DM models [10]. Focusing on the semileptonic op-
erators with two leptons and two quarks, the one-by-one
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constraints on the lepton-flavor-conserving (LFC) are
rather stringent, and global fits are essential to mitigate or
even eliminate the tensions in different observables [7].
On the other hand, for the lepton-flavor-changing (LFV)
operators, possible tensions are milder since less experi-
mental data is available [8].

Consider the dimension-6 four-fermion operator [4]

OZ‘;Z = (L} exp)(dr,Q)) . €))
where L= (v.,e))’ and Q= (u.d,)’T denote the left-
handed SU(2), doublets of leptons and quarks, respect-
ively. j is the isospin index, and a, S, s, ¢ are flavor in-
dices. This operator is forbidden under the U(3)° flavor
symmetry, and highly suppressed within minimal flavor
violation hypothesis [1, 11]. We will consider the first-
generation quarks, s =¢= 1, and the lepton flavor indices
a,f=1,2.

In general, the stringent constraints on the Wilson
coefficients of four-fermion operators challenge direct
searches for ultraviolet (UV) physics. However, one-loop
UV realizations of the four-fermion operators with the
participation of DM particles in the box diagram can not-
ably alleviate the restrictions on the mass scale A. In the
class of DM models [10], the Z, symmetry that stabilizes
the DM prohibits tree-level contributions to the Wilson
coefficients of four-fermion operators.. Consequently,
upon integrating out heavy new particles, the Wilson
coefficients are suppressed by a- factor of 1/(16x%).
Moreover, the Wilson coefficients are proportional to fip,
where fyp denotes new physics couplings. This depend-
ency has the potential to further lower the new physics
scale for small values of fyp. Previous studies of connec-
tions between charged-lepton-flavor-violation (cLFV) ob-
servables and DM were conducted in Refs. [12-14].

In this work, we will investigate the complementarit-
ies of indirect constraints on the Wilson coefficients of
the four-fermion operator OZ[;L] in both LFC and LFV
scenarios from the measurements of neutrino non-stand-
ard interaction (NSI) and cLFV searches for u — ¢ con-
version, and DM relic density, direct detection, and col-
lider searches in the context of fermion portal DM model
[15-18] with two mediators and Majorana fermionic DM.
We highlight that

e In the LFC scenario, the anticipated future sensitiv-
ity to the neutrino NSI in next-generation neutrino oscil-
lation experiments could play a nontrivial role in invest-
igating new physics, while ensuring that tensions among
various observables are eliminated.

e In the LFV scenario, the scattering of Majorana
DM with nuclei can appear at tree level, and u — e con-
version arises solely from the contribution of the box dia-

gram at the one-loop level, with no other cLFV processes
occurring at this order.

e In both scenarios, the model-independent con-
straints on the Wilson coefficients of the four-fermion op-
erator offer a distinctive probe of the fermion portal DM
model, particularly in the parameter space where the
masses of the DM and scalar are either close or large, de-
pending on the requirement of DM relic density.

The remainder of the paper is organized as follows. In
Sec. 11, the fermion portal DM model is studied in detail.
In Sec. III, the Wilson coefficients of the four-fermion
operator Oﬁf;ql are calculated. In subsequent sections, the
sensitivities in DM relic density, direct detection, and col-
lider searches are investigated. In Sec. VII, the combined
results_are discussed in benchmark scenarios of masses
and coupling with the relic density of y satisfying
Qh* <0.1199 or Qh*=0.1199. We conclude in Sec.
VIII. More details are provided in Appendix A and Ap-
pendix B about the anomalous magnetic moment for
leptons and DM direct detection with one-loop exchange
of photon, respectively.

II. FERMION PORTAL DARK MATTER MODEL

We consider a simplified model that induces the four-
fermion operator 0;2@111, incorporating Majorana fermion-
ic DM y, which remains a more viable DM candidate
compared to Dirac fermionic DM. In addition to the DM
particle y, we introduce a fermion doublet F = (F*,F%)T,
scalar S, and colored mediator ¢,, all of which are Z,
odd. The quantum numbers of these fields under
SUB)cxSUQR),xU(l)yxZ, are presented in Table 1,
and are documented in the systematic classification of
DM models for four-fermion operators [10].

The Lagrangian for this simplified model generating
the four-fermion operator is given by

L= fLS (iFR)S* +f)‘(s (/\_/LER)S

+fFQ(FRQ)¢Z+fd)((gRXL)¢d+h~C~v 2

where fis, fis, fro, and f, are coupling constants. The

Table 1. Quantum numbers associated with the new fields
introduced in the fermion portal DM model.
new fields SUQB)c SUQ2)L Uy Z
X 1 1 0 -1
F 1 2 1 -1
S 1 1 1 -1
ba 3 1 -1 -1
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flavor indices are omitted, and the couplings are assumed
to be real and positive for simplicity.

In the presence of the dark mediators S and ¢, in this
fermion portal DM model [15-18], the DM candidate y
interacts with SM particles, leading to distinct observ-
ables in direct detection, indirect detection, and collider
experiments. In the subsequent sections, we will analyze
each type of signature separately.

III. WILSON COEFFICIENTS

Given the interactions in Eq. (2), the one-loop dia-
gram in Fig. 1 can be generated. We refer to this type of
box diagram as “dark loop”, which was proposed to ex-
plain the flavor anomalies in B physics [19-21].

The Wilson coefficient of the effective operator 0;2@141
is calculated using Package-X [22, 23], which is ex-
pressed as follows

o~
q _ _ Jne 2 2 2 9
A - T sp X [I(mp,m(p,ms,m)()

2

2 ) 2 2
+ I(ms,m¢,mF,mX) +I(mX,m

2 )] 3)

where the effective coupling fyp and the loop function
I(x,y,z,w) are defined as

fao = (fus fesfrofud) " “@
_ x*log(x/y)

Ty W) = - ©)

This result agrees with Ref. [24] by taking

m, =mp=0.

The Wilson coefficient is constrained by searches in
low-energy experiments and at colliders depending on the
lepton flavor of the four-fermion operator. According to
the global analysis in Ref [7], the allowed value of the
Wilson coefficient for the LFC operator Of;' is
C /N> = (0.017£0.039) TeV~*, which is consistent with
zero within lo. Therefore, independent probes of the
LFC operator are essential to disentangle the origin of
new physics. Refs. [25, 26] have investigated the pro-
spects of next-generation neutrino oscillation experi-
ments in the search for NSIs [27], which are described by
certain SMEFT operators at the electroweak scale. These
studies indicate the highest sensitivity for the operator
o2ll, 1Cigy 1 /1A* < (123 TeV)™ [26]. This enhanced
sensitivity is attributed to the significant increase in neut-
rino production from pion decay, particularly in the pres-
ence of charged-current (CC) neutrino NSIs induced by

L R
S0
F X
- _(;5 ; -
Q dp
Fig. 1.  Dark loop: box diagram with dark particles in the
loop.

Oiay, at lower energies. Note that this operator does not
interfere with the CC neutrino interactions in the SM, so
the experimental measurements are blind to the sign of
the Wilson coefficient. Henceforth, we will consider the
magnitude of the Wilson coefficient Ci,' /A* with the ab-
solute value symbol being omitted.

We illustrate the constraints on fyp and m, from fu-
ture LFC searches in the left panel of Fig. 2 with two
benchmark values of the scalar mass mg =200 GeV (red
region) and 500 GeV (blue region) for my, =myp =2 TeV
(solid curve), or my=25TeV, mp=3TeV (dashed
curves). We find that this constraint does not strongly de-
pend on m,, but it is highly sensitive to fyp, which is ex-
pected to be in the range of approximately 1.7 to 2.1. It is
important to note that there are currently no constraints
from existing LFC searches, as the results are consistent
with the SM predictions.

In the case of the LFV operator, the current con-
straint on the Wilson coefficient C;2'/A* < (2.2x
10° TeV)~2 [8] is derived from charged-lepton-flavor-vi-
olation (cLFV) searches for u — e conversion in nuclei
[28-31]. The projected limit C/2! /A% < (2.9% 10* TeV) ™
[32] in the upcoming Mu2e [33, 34] and COMET [35,
36] experiments, representing an improvement by ap-
proximately two orders of magnitude. The cLFV
searches' are also insensitive to the sign of the Wilson
coefficient of the operator 0!, and we omit the abso-
lute value symbol for convenience.

In the right panel of Fig. 2, we present the contours of
LFV limits as functions of fyp and m,, by choosing the
benchmark values of ms, mr, and m, as the left panel of
Fig. 2. Unlike the LFC scenario, constraints from both the
current and future experimental efforts are depicted. The
current limit is shown on the lower axis, while the anti-
cipated future limit is displayed on the upper axis. The
current limit for fyp will be around 0.13 to 0.15, with ex-

1) In our simplified model, the cLFV u — e conversion can be generated at one-loop level, while the other cLFV processes like ;1 — ey first arise at two-loop level.

-3
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(color online) Contours of the Wilson coefficients as a function of fxp and m, for the assumptions of the masses

Fig. 2. i

mg =2.5TeV (2 TeV), and mp =3 TeV (2 TeV) with solid (dashed) curves. The shaded regions in red (blue) color indicate exclusion for
ms =200 GeV (500 GeV). Left: C,Z(?dlql /A% < (123 TeV)~? is depicted for fyxp in the lower axis. Right: C}j}ql /A2 <(22x10° TeV)~2 and
(2.9% 10* TeV)~2 are depicted for fyp in the lower and upper axes, respectively

pectations that the future limit could improve by an order
of magnitude, potentially reaching as low as 0.04. It is
important to note that despite the stringent constraint on
the LFV interaction, the BSM particles could potentially
exist at the TeV scale or even lower, owing to the sup-
pression of loop factor ~ 1/(167°%) and the coupling de-

pendence ~ fip.
Besides the effective interaction expressed as the

four-fermion operator O([Z[j{i{l, the dark particles can also
contribute to the anomalous magnetic momentum of

leptons. To address the discrepancies between the experi-
mental measurements and the SM predictions, improved Y i

SM calculations or other new physics contributions are
needed; see Appendix A for details.

Fig. 3. The Feynman diagram for Majorana DM annihila-

tion yy —» utu~.

DM particles, which is typically around 0.3¢ at the
freeze-out temperature. Since mﬁ/ms <2, the p-wave
contribution to the thermal-averaged annihilation cross

section is dominant [15, 18, 37].

In Fig. 4, we present the DM relic density contours
for mg and m, with different choices of f,s, considering
the relic density Q 4% =0.1199 +£0.0022 [38]. Regions be-

low the contour curves indicate overabundance.
*u- is p-wave

IV. DM RELIC DENSITY

Given the Lagrangian in Eq. (2), the Majorana DM
pair y can annihilate to muon pair and d quark pair, medi-
ated by S and ¢,, respectively. In our setup, where
mg > mg and the ratio f,,/f,s ~O(l), the contribution
from the process mediated by ¢,, is negligible. Tree-level

Feynman diagram for the annihilation yjy — u*u~ is de-

picted in Fig. 3. The corresponding thermal-averaged
cross section is [37]
md 1 , fis x(1+x%)

JxS /1 »
32m m§ (14 x)? 48mm:  (1+x)*

(6)

(ov) =

where x=m?/m}, and v is the relative velocity of two

The DM annihilation channel yy — pu*u
dominant and thus suppressed by the velocity of DM in
the whether during BBN or the recombination period.
Current constraint on the cross section (ov) for DM anni-
hilation to muon pairs is {(ov) < 1072 cm®/s [39] for DM
mass around 100 GeV. This is a relatively loose limit,
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Fig. 4.
choices of the coupling f,s after fitting the DM relic density.
The contour plots are displayed only for m, <mg.

(color online) The masses mg and m, for different

considering that the freeze-out annihilation cross section
(O W freeze-out & 10726 cm?®/s. For light DM with mass below
O(10) GeV, indirect detection gives the constraint
(ovy < 107% cm?/s [39]. Similarly, the cross section is p-
wave suppressed by a factor of ~ 107°, so that indirect de-
tection can also not effectively constrain DM annihila-
tion. Therefore, we can safely conclude that our model. is
free from indirect detection constraints.

V. DM DIRECT DETECTION

The Majorana DM y can interact with the SM quark
through the f;, term in Eq. (2), giving rise to the tree-
level scattering process depicted in Fig. 5.

By using the Fierz identity [15]

_ 1 >
(/?LdR)(dR)(L) = —5(/\7L7pXL)(dR7”dR) s (7)

and the relation for Majorana fermion

Xr'x=0, ®)

we can obtain the following effective Lagrangian
[40-43]:

L, =

3 co. ©)

i=V.AS.D

where the effective operators are

Oy = ("Y' x)(dy,d) ,
Ox = (W'Y’ Y)dy Y’ d)
Os = myixdd ,

00 = [ricay ] [din? - £ ip ] . (10)

X X
1
by
d d
Fig. 5. Feynman diagram for the tree-level scattering

between DM and the SM quark.

Here, the notation of the operator Op follows Refs.
[41, 44],

AWBY = (A*B" + AYBY)/2 ,

Di=D's D, D,=d,-igGiT" ~ieQA,. (1)
The Wilson coefficients are given by
1
Cy=Cy= x|
v A 8(m§5 - m)z()
2 m 2
CS — fd)( X b= fd)( (12)

Based on whether the DM-nucleus interactions de-
pend on the spin of nucleus or not, the DM-nucleus scat-
tering is classified as spin-dependent (SD) and spin-inde-
pendent (SI) scatterings, respectively. The latter is typic-
ally proportional to A%, where 4 is the mass number of
nucleus. Table 2 summarizes the suppression factors of
DM-nucleon cross sections for the above operators. Here,
¥ is the DM-nucleon relative velocity, ¢ denotes the mo-
mentum transfer, and the transverse relative velocity is
defined as v =v-g/(2uy), where uy = m,my/(m, +my)
denotes the DM-nucleon reduced mass.

The DM-nucleon SI and SD cross sections for the op-
erators Oy and O, depend on the kinematic suppression
factors, which agree with the earlier studies [15-17, 42].
On the contrary, the SI cross sections for the operators O
and Op are not kinematically suppressed, but suppressed
by m>my /my [40-43]. This is because Os and O) are ob-
tained by expanding the propagator of ¢, at next-to-lead-
ing order. Their contributions to the SD cross section are

Table 2.
SD cross sections for the operators Oy, 04, Os and Op [45].
The factor of 1 indicates no suppression.

The suppression factors of the DM-nucleon SI and

Oy Oa Os & Op
Isi yi2 ¢vt? m)% m | mz
osD 7 1 -
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not displayed as they are further suppressed by the DM
velocity and momentum transfer [45].

We first consider the SI contributions from these op-
erators. From Eq. (12), the Wilson coefficients of the op-
erators Oy and O, are the same, so we readily obtain that
the contribution of Oy, which is suppressed by v+2 ~ 1076,
is larger that that of O,. To derive the exclusion limit for
the operator Oy, we evaluate the non-relativistic events
generated in the XENONIT experiment [46] with an ex-
posure of w=1.0ton-year using DirectDM [47] and
DMFormFactor [48]. The 90% confidence level (C.L.)
constraint is determined under the assumption of 7 signal
events after accounting for SM backgrounds [49, 50]. Our
result agrees with the EFT analysis by the XENON Col-
laboration [51]. The exclusion region for m, and m, is
depicted in orange color in Fig. 6.

The suppression factor for the contributions to the SI
cross section from the operators Oy and Op is
mmy [my ~ 107 x (m, /my)*. Following Refs. [40-44], we
express the contributions to the SI cross section as a com-
bination of the Wilson coefficients of Oy and Op. In
Fig. 6, we present the exclusion of m, and m, using the
upper limit on the DM-nucleon SI cross sections by. the
XENONIT experiment [46] with a 1 ton-year exposure.
We find that the contribution from O, dominates over
that from the combination of Os and Op within our para-
meter space.

On the other hand, the leading contribution to the SD
cross section comes from the operator-O,, as clearly
shown in Table 2, where the contributions from Og and
Op are highly suppressed and not presented. The SD
DM-nucleon cross section for O, is expressed as [15-17,
42]

3 [ (A
167(mg —m2)?

Tsp = (13)

where A’ =0.842+0.012 [53] and p, denotes the DM-
neutron reduced mass. Here, we only consider the limit
on the DM-neutron cross section, which is much stronger
than that on the DM-proton cross section for the XEN-
ONIT [52], PandaX-4T [54], and LZ [55] experiments.
Using Eq. (13) and the upper limit on the DM-nucleon
SD cross section given by the XENONIT experiment
[52] with a 1 ton-year exposure, we derive the exclusion
of m, and m, for the operator O,, which is shown as the
red region in Fig. 6. It is evident that in our case, the ex-
clusion limit from DM direct detection is dominated by
the SD interactions associated with the operator O,.

In Fig. 7, we show the exclusion limits on the DM
mass m, and colored mediator mass m, from the con-
straints on the SD cross sections measured in the LUX-
ZEPLIN (LZ) experiment [55] and the PandaX-4T exper-
iment [54] assuming coupling values f,, =1 or 2. Our

1000

500r  XENON1T
= Jax =1
(0]
O, 100}
>
g 50p 7 S+D

e US[
105 100 500
meg [GeV]

Fig. 6. (color online) The exclusion limits of m, and m, for
Oy, Oy, and a combination of Os and Op by the XENONIT
experiment with a 1 ton-year exposure [46, 52] under the as-
sumption of f;, = 1. The DM-nucleon SD cross section is at-
tributed to the operator O4, while the SI cross sections from
Oy and the combination of Os and Op are analyzed separ-
ately.

1000 ~
soob— ™ 1Z(2022) |
. M PandaX-4T
~—~ \\ \\
S -
8 100 N
'_>'< \\\ fdx =2
s 50t \
Jax =1
"0 1000 2000
my [GeV]

Fig. 7.  (color online) The exclusion regions of m, and my
for constraints on SD cross sections from the LZ [55] and
PandaX-4T [54] experiments shown in red and blue colors, re-
spectively, for the assumption of the coupling f; =2 (solid
curve) or 1 (dashed curve).

result for f; =1 using the limit by the LZ experiment
agrees with Ref. [43]. It is important to mention that we
assume the relic density of y as the observed total DM
relic density. If the DM relic density depends on a given
fys » the limits could be notably weaker, as we will see in
Sec. VIL

It is noted that direct detection can also occur by ex-
changing photons at the one-loop level, which leads to
much weaker direct detection signals compared to the
contribution from exchanging ¢, at the tree level; see Ap-
pendix B for details.

VI. COLLIDER SEARCHES

The DM y can interact with SM particles via £, S and
¢4, resulting in detectable DM signatures at collider ex-
periments. We focus on DM searches at the LHC, where
the presence of missing energy is a typical signature in-
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dicating the possible existence of DM particles. Assum-
ing the mass hierarchy myp > my > mg > m,, and the decay
branching ratios of S and ¢, are determined as

BR(S* —»xu)=1, BR@;" —xd)=1. (14

The particle F can decay to leptons or jet via the pro-
cesses F — ¢y j(S*C¥) or F* — ¢,j(S*v), where j repres-
ents any first-generation quark. The most relevant col-
lider search for DM involves these channels: (1)

leptons+£, and (2) jet(s)+E+.

A. Leptons +£
The possible processes for leptons+£;, are as follows:

o SLIL: pp—>S*S~, S* - u*y;

o SL2: ppo> F'F, FF>S*v,, FF >S5V, §*—>
HEX

e SL3: pp— FOFO, FO - S+~ FO - §~¢+,8* — u*y,
{=eoru.

The corresponding Feynman diagrams for the produc-
tion of S*S~, F*F~ and F°F° are illustrated in Fig. 8,
which depend on the electroweak or new physics coup-
lings. The cross sections for production of F*F~ and
FOF° in the middle and right panels are proportional to
f#o and insensitive to the mass m,.In our study, we con-
sider the mass ranges my € [2,3] TeV and my € [100,500]
GeV, and assume my =2.5 TeV and the coupling frp =2
or 0.02. The cross sections at the 13-TeV LHC are com-
pared in Fig. 9. It is shown that the cross section of S*S~
pair production via electroweak processes, as depicted in
the left panel of Fig. 8, is larger than the others within our
specified mass ranges. Therefore, we focus exclusively
on the S*S- signal (denoted as SL1) in the recast of
dilepton+£, searches.

Since the scalar S* interacts with the right-handed
charged leptons, which ensembles the right-handed
slepton [56], and decays totally into u*y, one can read off
the exclusion limits on the masses of right-handed slepton
(smuon) and neutralino, and reinterpret them as the con-

q S+/F+/F(]

g Ny ) i
Fig. 8.
the s-channel off-shell photon.

straints on the masses of mg and m, . In Fig. 10, we show
the excluded regions by the most stringent searches at the
LHC Run 2 [57, 58] and earlier 8 TeV LHC [59].

Besides the dilepton+£, processes, the cascade de-
cays of FU/F° and S* can give rise to the multi-
lepton+£; process SL3. For my =3 TeV, the cross sec-
tion for the production of FOF° is 7.7 x 1077 pb, for which
less than 3 signal events are expected even with the integ-
rated luminosity of 3ab™'. Thus there is no constraint
from the multi-lepton+£;, searches.

B. Jet(s) +F;

Depending on the number of jets at the parton level,
the possible process for jet(s)+£; are following:

e SJ1: pp — xij (3-body), j=g,d or d;

+1/3

e S12: pp— ¢35 x, 05" > vj;

© 813: pp— ¢, 703", ¢a'" = xi;

The signal processes SJ1 and SJ2 for DM production
at the LHC are categorized as monojet+f; channel, while
the signal process SJ3 is categorized as dijet+£, channel.
The representative diagrams for monojet+f; are illus-
trated in Fig. 11. The cross sections of pp — xyj and
pp — ¢ax scale with f} and f7 , respectively. In Fig. 12,
we illustrate these cross sections with the new physics
coupling f,, =2 (thick lines) or 1(dashed lines) at the 13
TeV LHC. It is evident that, without any selection cuts
applied, the cross section of SJ1 is much larger than SJ2,
especially for a larger m.

In the dijet+f; channel with two jets at the parton
level, the DM y is produced from the decay of colored
mediator ¢,. In Fig. 13, we show the representative dia-
grams for the production via QCD or new physics inter-
actions, respectively. The cross section for the QCD pro-
duction of ¢,¢] (red line), and benchmark cross sections
for the new physics production at the 13 TeV LHC under
the assumptions of m, =200GeV, mp=3TeV, and
fiy = fro=2 (black thick line), or fy, =1, fro=0.02
(black dashed line) are illustrated in Fig. 14. We find that
the total production cross section is significantly en-

u d
\/ rt \/ Jal
1 1

: ?d : ®d
1 1

/\F_ /\FU
i d

Representative diagrams for pair production of S*, F* and FO. In the left panel, S*S~ and F*F~ can also be produced with
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mg [GeV]
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o [pb]

b u ppoStST (EW)
[ = TN
8- ¢ ppoFEUND)..
s ppﬁ};g:(}:W‘):::;\ R
10-10p = pp=>FF’ (EW) ‘/‘1“:0=0<O;2; —
1.8 2.0 2

24 26 28 30

mp [TeV]
Fig. 9. (color online) Production cross sections for the pro-
duction of F*F~ and S*S~ at the 13 TeV LHC with the
masses of F' and S depicted in the lower and upper axes, re-
spectively, for the assumption of my4 = 2.5 TeV. The new phys-
ics coupling fro is assumed to be 2 (solid red, solid blue) or
0.02 (dashed red, dashed blue).

250
= 21+ETS, Run 2 (comp.)
200 = 2+ETSS, Run 2
u 21+E7, Run 1
o 150] = 21+E7, LEP
S
€100
50 —
y
100 200 300 400 500
ms [GeV]
Fig. 10.  (color online) Shaded regions in blue, green, and

dark yellow colors excluded by the dilepton+f; searches at
the LHC Run 1 (8 TeV, 20.31b~") [59], Run 2 (139 fb~') in the
scenarios of m, <ms [57] and ms—m, <mg (compressed)
[58], respectively. The cyan region excluded by the LEP is
taken from Ref. [37].

hanced for substantial new physics couplings, which
agrees with the findings in Ref. [15]. In our parameter
space of interest, the cross section of new physics produc-
tion always dominates over that of QCD production.

At the detector level, more jets would emerge from
the signal processes discussed, even if only one or two
jets are present at the parton level. Therefore, a detailed
analysis must include detector-level simulations. Next,
we separate the analysis into monojet and dijet searches.

1. Monojet search

In the jet(s)+£, searches, it is generally essential to
consider the processes SJ1, SJ2, and SJ3 simultaneously,
including additional jets from the initial state radiation
(ISR). However, for monojet searches, which require one
hard jet, we only need to consider SJ1 and SJ2, since the

Fig. 11.

(color online) Representative diagrams for the sig-
nals SJ1 (left) and SJ2 (right) in the monojet+£; channel.

m,=200 GeV

B PPOXX]
B PPy X

]

2.0 25

my [TeV]

15

Fig. 12. (color online) Cross sections for the production of
signals SJ1 (red) and SJ2 (blue) in the monojet+£; channel at
the 13 TeV LHC for the assumptions of f;, =2 (solid) and 1
(dashed), and m, =200 GeV.

parton-level cross section of SJ3 is much smaller. We
generate signal events using MadGraph5 aMC@NLO [60],
which are then passed to Pythia8 [61] for parton shower,
and Delphes3 [62] for detector simulation, respectively.
Following the most stringent monojet+£; search [63] at
the LHC Run 2, we apply the selection cuts as follows:

® F.>200GeV, leading jet pr>150 GeV and
Inl <2.4;

e up to four jets with pr > 30 GeV and |n| < 2.8;

o |Ad(jetp,) > 0.4 for

(<250 GeV);

(0.6) Er > 250 GeV

e veto of electron, muon, z-lepton or photon.

We further refine our event selection according to 13
inclusive signal regions. By combining model-independ-
ent constraints on the observed signal cross section o for
each of these regions, as outlined in Ref. [63], we derive
a 95% C.L. limit on our parameter space of m, and m,.
The excluded region of m, and m, is depicted by the red
shaded area in Fig. 15 assuming the new physics coup-
ling f,, = fro =2, for which the monojet+£; search at the
LHC Run 2 sets the lower limit m, > 1.93 TeV. The ex-
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Fig. 13. Feynman diagrams for the dijet+E; processes. Left panel: QCD production. Right two panels: new physics production.

103 m,=200 GeV, mp=3 TeV
1074
2
— 10—5
S
106k M-PP72- s s :/\;S)kn‘{}‘_
PP~ ¢4} (QCD) S
1077
15 2.0 25 3.0
mg [TeV]
Fig. 14. (color online) Cross sections for the production of

¢d¢2 at the 13 TeV LHC for the assumptions of fy, = frp =2
(black fav=1, fr@=0.02 (black dashed),
my, =200 GeV, and mr =3 TeV. The red line corresponds to the
QCD production.

solid) or

1.2 mp=3 TeV — monojet+ET'SS, fy =frg=2

ljgt+ETSS, fiy=frq=2

S fiy=1, frg=0.02

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
mg [TeV]
Fig. 15.  (color online) Shaded regions in red and blue col-
ors excluded by the monojet+F; [63] and dijet+E; [63]
searches at the LHC Run 2 (139 fb™!), respectively, for the as-
sumptions of fy, = fro =2 (solid curves) or fy, =1, fro =0.02
(dashed curve), with myp = 3 TeV being fixed.

clusion for f;, =1, fro=0.02 falls below 1 TeV and is
not depicted. This result agrees with the reinterpretation
in Ref. [42] of the monojet+¥£; search at the LHC using
the data of 36.1 fb™' [64] assuming that the signal signi-
ficance approximately scales as the square root of the in-
tegrated luminosity.

2. .Dijet search

To recast the dijet+F; search, we consider all of the
processes SJ1, SJ2, and SJ3, including their ISR, to gen-
erate detector-level events. We implement the selection
criteria outlined in Ref. [65]. The signal events are first
selected with the following criteria:

® F;>300GeV, leading jet with pr(j;)>200 GeV
and sub-leading jet with pr(jo)>50 GeV, and
|AG(j1.2,3).B7)] > 0.2;

® . > 800 GeV;,
e veto of electron (muon) with py > 6(7) GeV,

where m.q is defined by the scalar sum of E; and
transverse momentum of jets with p; > 50 GeV. We fur-
ther apply the selection criteria of model-independent
search SR2j-1600, SR2j-2200, and SR2j-2800 that are lis-
ted in Ref. [65]. We then derive our constraints from the
model-independent limits of the three signal regions giv-
en in Ref. [65] accordingly.

In Fig. 15, we show the constraints from the monojet
and dijet searches for my = 3 TeV" with different choices
of the new physics couplings. The blue shaded areas with
solid and dashed curves correspond to dijet search with
foe=fro=2 and f;, =1, fro=0.02, respectively. The
constraints from the dijet search are stricter than those
from the monojet search with the same choice of f;, and
fro- We find that the most stringent limits on the colored
mediator mass from the jet(s)+£, searches in our para-
meter space are m, > 2.3 TeV and 1.76 TeV, respectively.

VII. RESULTS AND DISCUSSION

We have explored the phenomenological implica-
tions of the four-fermion operator 052’;1; in the simplified
model, including DM relic density, direct detection, and
collider searches, as well as the model-independent LFC
and LFV constraints on the Wilson coefficients. To ana-
lyze their complementarities, we examine four bench-

1) For fq, =1, fro = 0.02, the cross section from the #-channel exchange of F' is negligible compared to that from the exchange of y, thus the total cross section is

insensitive to the mass of F in this case.



Yuxuan He, Gang Li, Jia Liu et al.

Chin. Phys. C 50, (2026)

Table 3. Benchmark couplings and masses of new particles.
For BM (b) and BM (d), the coupling f,s is determined by the
requirement of DM relic density Q, 4% = 0.1199.

BM  my[TeV] mp[TeV]  fis=fro  for fus  Qi?
(a) 2.5 3.0 2.1 20 20 /
(b) 2.5 3.0 2.1 2.0 / 0.1199
(c) 2.0 2.0 1.41x1072 1.0 1.5 /
(d) 2.0 2.0 1.41x1072 1.0 / 0.1199

mark (BM) scenarios detailed in Table 3.
Based on the collider searches and DM direct detec-
tion discussed, we choose the values:

® BM (a) or (b): fiy, =2, my=2.5TeV,mp =3 TeV;
e BM (c) or (d): fy, =1, my=mp =2TeV.

As discussed in Sec. IV, the DM relic density can be
determined by the coupling f,s and the mass m,, mgs. In
BM (a) and BM (b), the coupling f,s is taken as an input
parameter. Given the constraints on the LFC and LFV
Wilson coefficients CZZZI/ A?, as illustrated in F ig. 2, the
other couplings are set to be equal, such that their
products yield fyp =2.05 and 0.1314 (cf. Eq. (4)), re-
spectively. In BM (b) and BM (d), f,s is fixed by the ob-
served DM relic density for comparison.

In Figs. 16 and 17, we combine the sensitivities to the
DM mass m, and scalar mass mg from DM relic density,
direct detection, collider searches, and model-independ-
ent indirect constraints on the Wilson coefficients of the
four-fermion operator Oﬂ;. For all benchmark scenarios
in Table 3, a large portion of parameter space with
m, <200 GeV and mg <450 GeV is excluded by the exist-

| w CEUIA%2(12.3 TeV) fisfra=2, fyfis=2 ()
500: 51, Emss Run 2 (comp.) my=2.5TeV, me=3 TeV
400 =2WEF™Run2 ’

= u 21+E7"S, Run 1 -

8 300, = 2HETSLEP >

> u DM-nucleus &

g 2 Q12201199 .-
X

Fig. 16.

ing searches at the LEP and LHC.

For the LFC operator, we consider the projected fu-
ture sensitivity to Wilson coefficient, Cj'/A® <
(12.3TeV)? [25, 26] from the neutrino NSI measure-
ments, given that the currently allowed value is consist-
ent with zero as mentioned in Sec. III. For the LFV oper-
ator, we utilize the current constraint, C,'/A* < (2.2x
10° TeV)~2 [8] derived from the cLFV searches for yu — e
conversion in nuclei, since our aim is to show that the
new physics scale can be notably alleviated within the
dark loop paradigm.

In the left panel of Fig. 16, we consider f,s =2, and
require the DM relic-density Q,h* <0.1199 to avoid an
overabundance of DM, shown as the gray shaded region.
Given the values of f; and m,, DM direct detection in
the LZ experiment [55] rules out a narrow range of mg
and m,, as depicted in purple slash shading area. The
sensitivity of DM direct detection in this case is rather
weak, which is suppressed by the relic density of y for a
relatively large f,s. The exclusion by the LFC constraint
on Cjy'/A* from the neutrino NSI measurements is
shown in red color. It is evident that this model-independ-
ent constraint exhibits better sensitivity, probing paramet-
er regions beyond the reach of collider searches, and DM
direct detection, especially in scenarios where m, and m;
are close.

In the right panel of Fig. 16, the coupling f,s is not
independent but determined by the DM relic density
Q,h* =0.1199. The coupling f,s decreases as mg be-
comes smaller. The purple slash shading band for
15 GeV <m, <100 GeV is ruled out by DM direct detec-
tion in the LZ experiment. The region excluded by the
model-independent LFC constraint is depicted in red,
with the boundary corresponding to f,s ~2. One can see
that the Yukawa coupling f,s ~O(1) canyield the cor-

Qf=01199  (®):
fls=frq=2.1, fy=2
mg=2.5 TeV, mg=3 TeV

5005 . c@ﬁg‘/(\zz(12.3 Tev)?
| w 2+ET*, Run 2 (comp.)
u 21+ETS, Run 2
u 21+ETS, Run 1
21+EMss | EP -
= DM-nucleus et

ms [GeV]

(color online) Combined sensitivities to the DM mass m, and the scalar mass ms for BM (a) and BM (b) with f,, =2.0,

fis = fro=2.1, my=25TeV and mr =3 TeV. Left: f,s =2.0 and Q4> <0.119 are required for BM (a). Right: f,s is determined by

Qh* =0.119 for BM (b). The projected future LFC constraint €7

/A% < (12.3 TeV)~2 [25, 26] from the neutrino NSI measurements is

expected to exclude the red shade area. Constraints from existing dilepton+£; searches as the same as those in Fig. 10. The exclusion
resulting from the current constraint from DM direction detection in the LZ experiment [55] is depicted by the purple slash shading re-

gion. The dashed line represents m, = ms .
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500 ....................... 500 .S L S - L kS L L K-8 .
. [ d) |
| Cigg/\?2(2:2x10° TeV) 2 oot atxio? (O u CI2LIN2(2.2x10° Tev)2 Q,h*=0.1199 2 (@
400, 21+E7, Run 2 (comp.) fax=1, fys=1.5 400 o1 £, Run 2 (comp.) fls=lra=1.41x10
| w 2|+E?iss! Run 2 my=me=2 TeV [ - 2|+E-,"—"iss, Run 2 fax=1, mg=mg=2 TeV
=300 = 257" Run =300 . 24P, Run 1
O, 1 = 2HEPLEP O L omEDs LEP
| 2 |
EX200: u Q,h?20.1199 £
1000
100 200 300 400 500 100 200 300 400 500
ms [GeV] mg [GeV]
Fig. 17. (color online) Combined sensitivities to the DM mass m, and the scalar mass ms for BM (c) and BM (d). The exclusions are

-2
obtained with the same experimental results as Fig. 16, except for the current LFV constraint C ,'fd'; /A% < (2.2>< 103 TeV) [8].

rect relic density for the electroweak scale m, and ms
[37]. In this scenario, the most effective constraints are
provided by LHC searches and DM direct detection. For
larger values of ms and m,, however, the neutrino NSI
measurements are more significant.

In Fig. 17, the exclusions are derived with the same
experimental results as Fig. 16, except for the current
model-independent constraint on the Wilson coefficient
of the LFV four-fermion operator Cj;'/A*<(2.2x
10° TeV)™. As highlighted in Sec. II, the model-inde-
pendent constraint on the Wilson coefficient of LFV op-
erator is more stringent and can probe smaller new phys-
ics couplings, compared to that on the Wilson coefficient
of the LFC operator. For illustration, we consider f;, =1,
for which the colored mediator mass m, 2 1.76 TeV is al-
lowed by the current LHC jet(s)+F; searches. Taking
my =2 TeV, the DM direct detection-in the LZ experi-
ment [55] puts no constraints as shown in Fig. 7. In the
case of BM (c¢) with f,s = 1.5, the prevailing cLFV con-
straint rules out most of the parameter space where
m,, <300 GeV and mg <450 GeV, exceeding the sensitiv-
ity of the LHC searches, especially for the region where
m, and mg are close. On the other hand, for BM (d) with
the relic density Q4> =0.1199 being fixed, the Yukawa
coupling f,s ~O(1) can also yield the correct relic dens-
ity for the electroweak scale m, and mg. The LHC
searches remain the most sensitive probes of the fermion
portal DM model for the scalar mass mg <420 GeV. As
mg increases or DM mass m, 2200 GeV, the cLFV
searches exhibit better sensitivity than the LHC searches.

VIII. CONCLUSION

In this work, we have studied the UV realization of
the four-fermion operator OZ[E in both lepton-flavor-con-
serving (LFC) and lepton-flavor-violating (LFV) scenari-
os incorporating the Majorana dark matter (DM). Due to
the Z, symmetry that stabilizes the DM, the four-fermion
operator O}f[i,l is firstly generated at one-loop level via

box diagram, which could effectively mitigate the lower
bounds on the new physics scale.

We investigated the interplay between the model-in-
dependent constraints on the Wilson coefficients of the
four-fermion operator 075;1 from the measurements of
neutrino NSI in the next-generation neutrino oscillation
experiments, charged-lepton-flavor-violation (cLFV)
searches in u — e conversion, as well as DM relic dens-
ity, direct detection, and collider searches in the context
of fermion portal DM model with two mediators. We ob-
tained the projected future bound on the LFC coefficient,
Ciug IN* <(12.3 TeV)™ from neutrino NSI, and the LFV
constraint Cpy, /A < (2.2x10° TeV)  from [ — e con-
version. In order to illustrate the complementarities, we
considered four benchmark scenarios as outlined in Ta-
ble 3. The colored mediator has a typical mass around
2TeV and a coupling to quark f, being 1-2; these val-
ues satisfy the constraints from both DM direct detection
and jets+¥£; searches at the LHC.

In the cases of BM (a) and BM (c), where the
Yukawa coupling f,s is considered as an independent
parameter, the model-independent constraints on the
Wilson coefficients Cj' and Cj' providea comple-
mentary investigation of the parameter space of the DM
mass m, and scalar mass ms, which extends the reaches
of collider searches in the diplepton+£; channel and DM
direct detection, especially for the region where m, and
myg are close.

In the cases of BM (b) and BM (d), the coupling f,s
is determined by the requirement of DM relic density,
Q,h* =0.1199. For electroweak scale DM and scalar, the
LHC searches demonstrate greater sensitivity than the in-
direct constraints on the four-fermion operator, while the
latter are more significant for larger values of m, and my.
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APPENDIX A: LEPTON g-2

The lepton magnetic dipole moment (g —2) can be in-
duced by the couplings fis and f,s at one-loop level. In
Fig. Al, we depict the Feynman diagram with F° or y
running in the loop.

The corresponding contributions to muon g—2 is ex-
pressed as

Aa, = a® -aM = Aaf + Ad), (A1)
where Aal, and Aat denotes the contributions from the
diagrams involving F° and y, respectively. For the elec-

tron g—2, we have

Aa, = a® —aM = Aa”, (A2)
which only includes the contribution from the diagram
with F° given the lepton flavors (a,8) = (1,2).

The piece Aal (£ = e,u) is given by [66, 67]

fis

1—6x+3x>+2x° - 6x*log x
16n2 ‘

2
%g( ), 8= 61 =y

F
Aa, =

(A3)

where x =mj/mg, and Aat can be obtained by taking
m¢=m, and replacing mp —my, and fis — f,s. In the
limits of x -0 and x— 1, the loop function g(x) ap-
proaches 1/6 and 1/12, respectively. Thus the contribu-
tions to the lepton g —2 are always negative [37].

The experimental measurements of the muon g-—2
yield [68]

Aa, =39(64)x 107", (A4)
by using the updated SM prediction [69], which can be
either positive or negative.

There are still large uncertainties in the measure-
ments of the electron g—2. The measurements using

I Iz

X/F(]
Fig. AL
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Cesium [70] and Rubidium [71] give

Aa,(Cs) = (—88+36)x 107",

Aa,(Rb) = (48 +30)x 1074 | (A5)

Following Ref. [37], we take the 95% C.L. bounds on
Aa,(Cs) and Aa,.(Rb), so that both of them allow for neg-
ative values. If future measurements favor the positive
Aa.(Rb) result, our model could provide viable explana-
tions for the anomalous magnetic moments of electron
and muon.

APPENDIX B: DM DIRECT DETECTION VIA
PHOTON EXCHANGE

Besides the tree-level contribution to the DM direct
detection discussed in Section.V, the DM-nucleus scatter-
ing can-occur with the exchange of photon at the one-
loop level [12, 18], as illustrated in Fig. B1. The interac-
tion between the Majorana DM and photon can be de-
scribed by the electromagnetic anapole momentum of the
DM. Thus, the contribution to the SI DM-nucleon cross
section is suppressed by the DM velocity square, which
can be expressed by [18]

C

ana. _
N .

22 pref 2 2
ana.€ ez E (mT + my )
27A? 2

Bl
mr (m,,+m)() B

where EX' denotes the reference value of the recoil en-
ergy Eg = ¢°/(2myr), and the loop factor is given by

2

9622

Cana. -

In (m /ms) . (B2)

Here, my, m, and m, are the masses of the nucleus, proton
and muon, respectively. Z denotes the atomic number of
the nucleus. As an estimate, following Ref. [18], we take
EX'=10keV, and calculate o¥* =6.4x 107 cm? using
liquid xenon as the target for m, = 50 GeV, ms = 100 GeV
and f,s = 1. Given the sensitivities of the DM direct detec-
tion experiments [54, 55, 72], we obtain that it gives neg-
ligible contribution to the DM-nucleus cross section [37].

Feynman diagrams for the muon and electron magnetic dipole moments generated at one-loop level.
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X
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Fig. B1.

4N

Representative Feynman diagram for DM-nucleus scattering at one-loop. level via the exchange of photon.
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