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Motivation

• two new measurements from Belle II and NA62

•  and 


• NP in ?

• is there room for NP in the form of pairs of invisible 

scalars?

• additional constraints on light invisible scalars

B+ → K+νν̄ K+ → π+νν̄
B+ → K+ + invisible



New Belle II result for B+ → K+νν̄
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FIG. 21. Signal strength µ determined in the ITA (left) and HTA (right) for independent data samples divided into approximate
halves by various criteria. The vertical lines show the result obtained on the full data set. The horizontal bars (and dot-dashed
lines) represent total one standard deviation uncertainties.

FIG. 22. Distribution of q2rec for ITA events in the pion-
enriched sample and populating the ⌘(BDT2) > 0.92 bins.
The yields of simulated background and signal components
are normalized based on the fit results to determine the
branching fraction of the B+ ! ⇡+K0 decay. The pull dis-
tribution is shown in the bottom panel.

f
+� = 0.5 compared to the one adopted here. However,

due to the large statistical uncertainties, minor di↵er-
ences in the correction factors have a small impact on

FIG. 23. Branching-fraction values measured by Belle II,
measured by previous experiments [9–13], and predicted by
the SM [4]. The Belle analyses reported upper limits; the val-
ues shown here are computed based on the quoted observed
number of events, e�ciency, and f+� = 0.516. The BaBar
results are taken directly from the publications, and they use
f+� = 0.5. The weighted average is computed assuming sym-
metrized and uncorrelated uncertainties, excluding the super-
seded measurement of Belle II (63 fb�1, Inclusive) [13] and
the uncombined results of Belle II shown as open data points.
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Observable SM prediction ( /E = νν̄) 90% C.L. upper bound 2 New physics bound BUL

B(B+ → K+ /E) (4.4± 0.6)× 10−6 1.6× 10−5 [23] 1.3× 10−5

B(B0 → K0 /E) (4.1± 0.6)× 10−6 2.6× 10−5 [24] 2.3× 10−5

B(B+ → K∗+ /E) (1.0± 0.1)× 10−5 4.0× 10−5 [25] 3.1× 10−5

B(B0 → K∗0 /E) (9.5± 1.0)× 10−6 1.8× 10−5 [24] 1.0× 10−5

B(B+ → π+ /E) (2.39+0.30
−0.28)× 10−7 [26] 1.4× 10−5 [24] 1.4× 10−5

B(B0 → π0 /E) (1.2+0.15
−0.14)× 10−7 [26] 9.0× 10−6 [24] 8.9× 10−6

B(B+ → ρ+ /E) (4.5± 1.0)× 10−7 3.0× 10−5 [24] 3.0× 10−5

B(B0 → ρ0 /E) (2.0± 0.4)× 10−7 4.0× 10−5 [24] 4.0× 10−5

B(K+ → π+ /E) (8.1± 0.4)× 10−11 [23] (1.14+0.40
−0.33)× 10−10 [23] 1.1× 10−10

B(KL → π0 /E) (2.8± 0.2)× 10−11 [23] 4.9× 10−9 [23] 4.9× 10−9

Table 2. Summary on the status of FCNC B → (K,K∗,π, ρ)/E and K → π /E decays with
missing energy.

The new physics we discuss, will always add incoherently to the SM di-neutrino
background in B(K)→M /E processes (with M representing the final state mesons shown
in table 2). In view of this we define the “room for new physics” in these modes as the
difference between the experimental upper bound and the standard model prediction. We
adopt the simple prescription of subtracting from the 90% experimental upper bound the
lower limit of the 90% C.L. SM range and show this number in the last column. The
constraints can be easily adapted for more sophisticated subtractions if desired. The mode
K+ → π+ν̄ν has been measured by both BNL787/949 [29, 30] and NA62 [31, 32], so in
this case we use the upper limit of the 90% range quoted by PDG [23] as the experimental
upper limit.

The paper is organized as follows. In section 2 we classify all the relevant effective
interactions in the framework of low energy effective field theory. In section 3 we consider
the FCNC B meson decay B → (K,K∗,π, ρ)+DM+DM with a pair of scalar or vector DM,
and use the current experimental bounds to constrain the relevant effective new physics
scale involving (bs) and (bd) quark flavors. In section 4, we use chiral perturbation theory to
analyze the FCNC kaon decay K → π+DM+DM to constrain the effective scale involving
(ds) quark flavors. In all cases we will refer to the invisible light particles as “DM” regardless
of their origin. In section 5, we draw our conclusions. Supplementary material presented in
the appendix includes: the phase space integration in A; the reduction of operators with
vector DM fields in B; operators for lepton-DM interactions in C; a collection of form factors
involving B meson decays in D, and specific renormalizable model realizations for some
scalar and vector DM operators as an illustration in appendix E.

2 Quark-DM interaction in LEFT

In this section we list the most general local quark-DM interactions in the framework of low
energy effective field theory, with the FCNC interactions being a subset of these operators
with appropriate flavor indices. In LEFT, only the unbroken SU(3)c ×U(1)em symmetry of

2Except for K+ → π+ /E channel, for which the 1σ measured value quoted by PDG [23] is used.
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FIG. 18. Distributions of ⌘(BDT2), q
2

rec, beam-constrained mass of the ROE Mbc,ROE, �EROE, Fox-Wolfram R2, and modified
Fox-Wolfram Hso

m,2 in data (points with error bars) and simulation (filled histograms) shown individually for the B+ ! K+⌫⌫̄
signal, neutral and charged B-meson decays, and the sum of the five continuum categories in the ITA. Events in the most
signal-rich region, with ⌘(BDT2) > 0.98, are shown. Data and simulation are normalized to an integrated luminosity of 362
fb�1. The pull distributions are shown in the bottom panels.

almost 3  from the SMσ
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FIG. 17. Distributions of ⌘(BDT2), q
2

rec, beam-constrained mass of the ROE Mbc,ROE, �EROE, Fox-Wolfram R2, and modified
Fox-Wolfram Hso

m,2 in data (points with error bars) and simulation (filled histograms) shown individually for the B+ ! K+⌫⌫̄
signal, neutral and charged B-meson decays, and the sum of the five continuum categories in the ITA. Events in the full signal
region, with ⌘(BDT2) > 0.92, are shown. Data and simulation are normalized to an integrated luminosity of 362 fb�1. The
pull distributions are shown in the bottom panels.

if E/T is due to ϕϕ
then mϕ < (mB − mK)/2



NA62 K+ → π+νν̄

• In 2025 NA62 published a result from 51 
candidate events:

•

• The SM prediction is known precisely 
except for parametric uncertainty. Typical 
values are

•

B(K+ → π+νν̄) = (13.0+3.3
−3.0) × 10−11

B(K+ → π+νν̄) = (8.4 ± 1.0) × 10−11

= (7.86 ± 0.61) × 10−11

GN exclusion

KOTO 90% CL (2023)

BNL
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Figure 10. Left: distribution of the observed data events satisfying the signal selection criteria in
the (pπ+ ,m2

miss) plane. Events in the background, control and signal regions are shown by small grey,
small black and large black markers, respectively. Right: m2

miss projection including SM signal [1]
(assuming BSM

πνν̄ = 8.4 → 10−11) and background expectations from K+ → π+π0 (K2π), K+ → µ+ε
(Kµ2), K+ → µ+εγ (Kµ2γ), K+ → π+π+π− (K3π), K+ → π+π−e+ε (Ke4) and upstream. The total
expected background and its uncertainty is shown by the black line and hatched bars, respectively. In
the signal region R1, events in the momentum range 35–45GeV/c are excluded.

takes into account the Poissonian fluctuations of the observed counts, the Gaussian uncertainty
of the signal expectation, and the asymmetric uncertainty of the background estimate. The
best fit value of θ is at the minimum of the function q(θ), with the one standard deviation
range (68% confidence interval) defined by q(θ) < 1. The statistical uncertainty is evaluated by
performing a similar procedure but assuming that the signal and background expectations are
known exactly, and therefore using as a test statistic q′(θ) = −2 ln (L′(θ)/L′(θ̂)), where L′ is
the likelihood function in the hypothesis of independent Poisson distributed observations [23].
The systematic uncertainty is derived as the contribution to be added in quadrature with
the statistical uncertainty to reach the total uncertainty.

The analysis of 2021–2022 data is performed using Ncat = 6, corresponding to the six π+

momentum bins defined above. The test statistic is displayed as a function of the branching
ratio in figure 11-left. The resulting measurement of the branching ratio is

B2021−2022(K+ → π+εε̄) =
(
16.2 +4.9

−4.3
∣∣∣
stat

+1.4
−1.4

∣∣∣
syst

)
→ 10−11

=
(
16.2+5.1

−4.5
)

→ 10−11 .
(7.2)

The comparison between the numbers of events observed and expected in each category is
shown in figure 11-right, where the expectations are based on the measured value of the
branching ratio. The goodness of fit is quantified by q′

min/ndf = 1.1/5, where q′
min is the

minimum value of q′(θ), and ndf = (Ncat − 1) is the number of degrees of freedom.

7.2 Combination of data samples 2016–2022

The six categories of the 2021–2022 data have been combined with the nine categories
spanning the 2016–2018 data [26, 30, 31] for a more precise measurement of the branching
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if E/T is due to ϕϕ
then mϕ < (mK − mπ)/2



new invisible scalars

?
?

• is there room in these results for NP, in particular in the form 
of pairs of invisible scalars?

– add to rare decays constraints on invisible scalars

• first consider an effective theory and find the parameter 
region of interest

• look for simple models with heavy mediators and consider 
additional constraints/phenomenology



Effective field theory

• for pair produced real scalars (with a  symmetry), 
coupling to SM quarks at dimension six

ℤ2



dim 6 SMEFT: ϕ ℒ =
1

Λ2
eff

∑
i

Ci𝒪i

• couplings to quarks

•
                  

• only the red one is relevant for the rare decays mentioned, 
with flavour indices , flavour diagonal indices are 
needed for annihilation

• for high energy searches, operators with only  are 
tightly constrained by H invisible width

• gluon operator may be important for monojet studies

𝒪pr
dϕ2 = (q̄pdrH)(ϕ†ϕ)

𝒪pr
uϕ2 = (q̄purH̃)(ϕ†ϕ)

𝒪qϕϕ = q̄γμq(iϕ†∂μϕ)

𝒪dϕϕ = d̄γμd(iϕ†∂μϕ)

𝒪uϕϕ = ūγμu(iϕ†∂μϕ)

sb, ds

ϕH

vanish for
real scalars



dim 6 SMEFT and LEFTϕ ϕ

• dim 6 in LEFT from SMEFT for 
d-quark sector:

•

• contribute to   
and  
respectively

ϕ ϕ

1
Λ2

eff
(d̄iLdjRH )(ϕ†ϕ)

𝒪Ssb
qϕ = (sb)(ϕ†ϕ)

𝒪Psb
qϕ = (siγ5b)(ϕ†ϕ)

B → K + missing E
B → K* + missing E

Allowed by Belle II

Allowed by new ave.

Excluded by
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• for  we need instead 

• for annihilation and DD cross-sections, we will also need the flavour diagonal 
versions of these operators

K → π + missing E 𝒪Ssd
qϕ = (sd)(ϕ†ϕ)

B → K + missing E



spectrum and experimental efficiency

• can do better than simply using just the rates, taking into account that the fit by 
Belle II assumes the SM spectrum, and that their efficiency depends on 

• for scalar particles, the  allowed parameter space increases for the 
higher masses when we include the efficiency

• a simple first step is to compare the normalised distributions (so shapes only) 
after taking into account the experimental efficiency, and look for those with 
small increases around 

q2
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Figure 3. Constraints on the effective new physics scale as a function of the DM mass m from the
inclusive tag Belle II B+ → K+νν̄ search without (solid lines) and with (dashed lines) experimental
efficiency (E.E.) included.

mode B0 → π0 for the (bd) transitions. For the pseudo-scalar and axial-vector quark
current operators shown on the right two panels, the stronger bounds for the (bs) and
(bd) transitions are set respectively by the neutral mode B0 → K∗0 and the charged mode
B+ → ρ+. This feature is just a reflection of the current experimental bounds as can be
seen in table 2.

The situation depicted in figure 2 will, of course, be modified by experimental consider-
ations. For example, Belle II has reported with its current measurement of B+ → K+ /E

a signal efficiency that varies with q2, peaking at low values and becoming very small for
q2 ! 12 GeV2 [54]. Figure 1 then suggests that searches for very light DM will be more
sensitive than searches for heavier DM. Inclusion of this experimental sensitivity changes
the corresponding constraint, and we illustrate this in figure 3, where the left panel is for
the scalar operator OS,sb

qφ while the right panel for the vector operator OV,sb
qφ . The signal

efficiency reported in [54] applies only to the search for B+ → K+νν̄ with an inclusive
tag, and results in the 90% confidence level limit B(B+ → K+νν̄) ≤ 4.1 × 10−5, a few
times weaker than the PDG value we quote in table 2. The solid lines in figure 3 show the
constraints from figure 2 for the B+ → K+φφ mode, but using the weaker upper limit from
the inclusive tag Belle II search. When the experimental efficiency is included, these limits
turn into the ones depicted by dashed lines. To estimate these corrections, we scale the
Belle II upper limit by a ratio of normalized rates weighted by the reported efficiency,

ω(m) =
∑

i Γ̃i,SMϵi∑
i Γ̃i,NP(m)ϵi

, (3.14)

where Γ̃i,NP(m) is the normalized width from NP contribution in i-th bin, i.e.,

Γ̃i,NP(m) = 1
ΓNP(m)

∫

bini
dq2

dΓNP(m)
dq2

, (3.15)

and similarly for Γi,SM.
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FIG. 6. Signal-selection e�ciency as a function of the dineutrino invariant mass squared q2 for simulated events in the SR for
the ITA (left) and HTA (right). The error bars indicate the statistical uncertainty.

data and simulation, exploiting its large branching frac-
tion and distinctive experimental signature. These events
are selected in data and B

+ ! K
+
J/ simulation by

requiring the presence of two oppositely-charged muons
with an invariant mass within 50 MeV/c

2 of the known
J/ mass [14]. To suppress background events, the vari-
able |�E| is required to be less than 100 MeV and the
beam-energy constrained mass Mbc is required to exceed
5.27 GeV/c

2. These criteria result in 7214 events being se-
lected in the data sample with an expected background
contamination of 2%. Each event is then reconsidered as
a B

+ ! K
+
⌫⌫̄ event by ignoring the muons from the J/ 

decay and replacing the kaon candidate with the signal
kaon candidate from a simulated B

+ ! K
+
⌫⌫̄ event, to

reflect the three-body topology of the signal signature.
The kinematic properties of the signal kaon are then ad-
justed such that the B

+ four-momentum and decay ver-
tex in the simulated B

+ ! K
+
⌫⌫̄ decay match the four-

momentum and decay vertex of the corresponding B
+

from the B
+ ! K

+
J/ decay. This substitution is per-

formed for the reconstructed track, ECL energy deposits,
and PID likelihood values associated with the simulated
kaon such that the test samples have a format identical to
the data and can be analyzed by the same reconstruction
software. This signal-embedding method is performed for
both data and B

+ ! K
+
J/ simulation.

The results obtained by analyzing selected events are
summarized for the ITA in Fig. 7, where the distributions
of the output values of both BDTs are shown. Good
agreement between simulation and data is observed for
the selected events before (B+ ! K

+
J/ ) and after

(B+ ! K
+��J/ ) the signal embedding. The ratio of the

selection e�ciencies for the SR in data and simulation is
1.00 ± 0.03, i.e., agreement is observed.

For the HTA, the signal embedding is used to check
both the FEI and the combined FEI plus BDTh signal
reconstruction e�ciency. The ratios of data and simula-
tion e�ciencies at the two levels of the selection are found
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FIG. 7. Distribution of the classifier output BDT1 (main
figure) and BDT2 for BDT1 > 0.9 (inset). The distributions
are shown before (B+ ! K+J/ ) and after (B+ ! K+��J/ )
the muon removal and replacement of the kaon momentum of
selected B+ ! K+J/ events in simulation and data. As a
reference, the classifier outputs directly obtained from simu-
lated B+ ! K+⌫⌫̄ signal events are overlaid. The simulation
histograms are scaled to the total number of B+ ! K+J/ 
events selected in the data.

to be 0.68 ± 0.06 and 0.60 ± 0.10, respectively. The first
ratio agrees with an independent FEI calibration derived
from B ! X`⌫ FEI-tagged events [41] and is therefore
used as a correction for signal e�ciencies and BB normal-
ization. From the relative uncertainty on the e�ciency
ratio computed after the ⌘(BDTh) selection, a 16% sys-
tematic uncertainty on the signal-selection e�ciency is
derived.
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how about kaons?

•  

• not much room in the rate for NP contributions
• but there are large gaps where NA62 is blind

• inside the NA62 SR,  has the same shape as the 
SM signal (flat), so that the experimental efficiency doesn’t 
matter in this case.

ℒϕ𝙻𝙴𝙵𝚃
qqϕ2 ⊃

1
2 [CS,sd

dϕ (sd)+CP,sd
dϕ (siγ5d)]ϕ2

dΓ/d |pπ |
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allowed parameter space

FIG. 1. Left: the green-shaded region represents the
∣∣CS,sd

dω

∣∣ versus mω parameter space excluded by
the latest NA62 [1] measurement of K+

→ ω++/E. The unshaded region between the solid and dashed
green curves is where the new-physics window !BK can be populated by K+

→ ω+εε. Only the
mω ↑ [110, 146]MeV range, as indicated, is permitted by the DM relic density requirement. The hatched
region is excluded by the recent KOTO [51] search for KL → ω0+/E if CS,sd

dω is purely real. Right: the
same as the left panel but using only the branching-ratio value reported by NA62 [1] and without regard
to its signal regions.

leads to the ω interactions with light mesons given by

LωP ↓
B0

2
ω2

{(
CS,uu

uω + CS,dd
dω

)(
ε+ε→ +

1

2
ε0ε0

)
+
(
CS,uu

uω + CS,ss
dω

)
K+K→

+
(
CS,dd

dω + CS,ss
dω

)
K0K̄0 +

1

6

(
CS,uu

uω + CS,dd
dω + 4CS,ss

dω

)
ϑ2 +

1
↔
3

(
CS,uu

uω ↗ CS,dd
dω

)
ε0ϑ

+

[
CS,sd

dω

(
ε→K+

↗
1
↔
2
ε0K0

↗
1
↔
6
ϑK0

)
+H.c.

]}
, (2)

where B0 = m2
ε+/(mu +md) = 2.8 GeV with mu,d values from Ref. [30]. From the CS,sd

dω terms,

we derive the di!erential rates of K → εωω [50]

d”K+↑ε+ωω

dq2
=

ϖ1/2
(
m2

K+ ,m2
ε+ , q2

)
ϖ1/2

(
m2

ω,m
2
ω, q

2
)
B2

0

512ε3 m3
K+ q2

∣∣∣CS,sd
dω

∣∣∣
2

, (3)

d”KL↑ε0ωω

dq2
=

ϖ1/2
(
m2

K0 ,m2
ε0 , q2

)
ϖ1/2

(
m2

ω,m
2
ω, q

2
)
B2

0

512ε3 m3
K0 q2

(
ReCS,sd

dω

)2

, (4)

where q2 is the squared invariant-mass of the ωω pair and ϖ(x, y, z) = (x↗ y ↗ z)2 ↗ 4yz.

In the left panel of Fig. 1 we have displayed the
∣∣CS,sd

dω

∣∣ values versus mω (the unshaded area

under the green solid curve) allowed by the NA62 [1] measurement on K+
→ ε++ /E in two

signal regions (SR), the first one (SR1) being specified by q2 = [0.000, 0.010]GeV2 and |pε| =

[15, 35]GeV and the second (SR2) by q2 = [0.026, 0.068]GeV2 and |pε| = [15, 45]GeV. The

right panel of Fig. 1 is the same as the left, except that only the total branching-ratio result from

NA62 has been used. In the left (right) panel, the unshaded area between the solid and dashed

green (purple) curves corresponds to the aforementioned possible new-physics window #BK in the

4
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can ’s be interpreted as dark matter?ϕ
• if we want to explain the dark matter relic density through 

thermal freeze-out mechanism, the  coefficients 
are not enough, we need some flavour diagonal ones to 
obtain the required annihilation cross-section.

• assuming a  mass of order a GeV (ignore the kaon decay 
for now) we can use a leading order chiral realisation to 
calculate the thermal average of the annihilation cross-
sections into kaons (and pions and etas)

–
            

–to produce the correct relic density  we need
 

which translates into  

CS,bs
dϕ , CS,sd

dϕ

ϕ

⟨σ v(ϕϕ → K+K−, K0K̄0)⟩ =
B2 |CS,ss

dϕ |2 η(x, zK)

64πm2
ϕ

+ ⋯

Ωℏ2 = 0.12,
⟨σv⟩ ≃ 2.4 × 10−26 cm3s−1

(ℏc)2c
= 2.2 × 10−9 GeV−2

CS,ss
dϕ ∼ (0.1)/(TeV)

G. Steigman, B. Dasgupta and J.F. Beacom
PRD 86 (2012) 023506 



direct detection constraints

• so far: we need    to fill the NP window in 

• and we also need  for thermally averaged 
annihilation to have the right magnitude for the relic density

• we also need to avoid direct detection constraints, in 
particular, those using the Migdal effect for sub-GeV dark 
matter and the scenario so far is ruled out by Panda X4T 

• to satisfy DD requires an interplay between different 
parameters and at least one more coefficient, i.e,  introducing 

• , as well as  are also needed for constraining the kaon 
decay window

CS,sb
dϕ ∼ (3 − 8)/(105 TeV)

B → K + invisible
CS,ss

dϕ ∼ 0.1/TeV

CS,dd
dϕ

CS,dd
dϕ CS,uu

dϕ



-nucleus scatteringϕ

• the -nucleus scattering cross-section is given by

•

ϕ

σϕN =
μ2

ϕN

4πm2
ϕ

mN

ms
f (N )
Ts

CS,ss
dϕ

2

1 +
ms

md

f (p)
Td

f (p)
Ts

Rd/s
Z
A

+ (1 +
ms

md

f (n)
Td

f (n)
Ts

Rd/s) A − Z
A

2

,

E. Del Nobile,  arXiv:2104.12785scalar nucleon form factors
depends on isotope

XENON1T (Migdal effect)

PandaX4T (Migdal effect)
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how about the kaon decay

• to populate the  window, the mass of 
the scalars needs to be lower.

• annihilation changes, as now only the pion channels are open 
and we need the LEFT coefficients  and 

• annihilation into pions results in photons that lead to 
constraints from astrophysical X-ray and gamma-ray and 
CMB observations

• the DD constraints require using three parameters to adjust 
the N scattering cross-section

•
      

K+ → π+ + invisible

CS,dd
dϕ CS,uu

dϕ

ϕ
cN

1 =
2m2

N

mu
f (N )
Tu

CS,uu
uϕ +

2m2
N

md
f (N )
Td

CS,dd
dϕ +

2m2
N

ms
f (N )
Ts

CS,ss
dϕ

=
2m2

N

ms
f (N )
Ts (CS,uu

uϕ + CS,dd
dϕ ) (rN

+ + rN
− R− + Rs)

rN
± =

1
2 [

f (N )
Tu

ms

f (N )
Ts

mu

±
f (N )

Td
ms

f (N )
Ts

md ] ,

R− =
CS,uu

uϕ − CS,dd
dϕ

CS,uu
uϕ + CS,dd

dϕ
, Rs =

CS,ss
dϕ

CS,uu
uϕ + CS,dd

dϕ
.



the kaon window

• for indirect detection use Planck CMB limits on 

• avoiding DD requires further fine-tuning of the diagonal 
WC

• a narrow mass window remains, and NA62 probes part 
of that window

⟨σv⟩

219 efficiencies will have minimal impact on our signal as it
220 closely resembles the SM within SR2.

221 IV. CONSTRAINTS ON DARK-MATTER SECTOR

222 A. Relic density requirement

223 We regard ϕ as a weakly interacting massive particle,
224 which is a thermal relic of the early Universe and undergoes
225 the so-called freeze-out mechanism for the DM production.
226 This implies that the observed cosmological abundance of
227 DM can be reproduced from the total self-annihilation cross
228 section of ϕ. Formϕ ≤ 177 MeV, the pertinent interactions
229 of ϕ are those with pions, already written down in Eq. (2),
230 leading to the cross sections of ϕϕ → πþπ−=π0π0,

σðϕϕ → πþπ−=π0π0Þ ¼ 1

S

B2
0jC

S;uu
uϕ þ CS;dd

dϕ j2

16πŝ

!!!!!!!!!!!!!!!!
ŝ − 4m2

π

ŝ − 4m2
ϕ

s

;

ð5Þ

231232 where S ¼ 1 and 2 for the πþπ− and π0π0 channels,
233 respectively, and ŝ is the squared invariant mass of the
234 ϕϕ pair. The thermal averages of the corresponding
235 annihilation rates are [52]

hσviðϕϕ → πþπ−=π0π0Þ ¼ 1

S

B2
0jC

S;uu
uϕ þ CS;dd

dϕ j2η̃ðx; zπÞ
64πm2

ϕ

;

ð6Þ

236237 where x≡mϕ=T involves the thermal-bath temperature T

238 of the early Universe, zπ ≡m2
π=m2

ϕ, and the thermal
239 average integration is captured by the function

η̃ðx;zÞ≡ 4x
K2

2ðxÞ

Z
∞

ϵth

dϵ
!!!
ϵ

p !!!!!!!!!!!!!!!!
1þϵ−z

p
!!!!!!!!!!
1þϵ

p K1ð2x
!!!!!!!!!!
1þϵ

p
Þ; ð7Þ

240241with Ki standing for the modified Bessel function of order i
242and ϵth ≡maxð0; zπ − 1Þ extending the mϕ region to below
243the pion mass to include threshold effects [52]. Following
244Ref. [16], we determine the ϕ-quark couplings that can
245successfully lead to the observed DM relic abundance by
246matching the total hσvi with the required value given in
247Fig. 5 of Ref. [53]. In the left panel of Fig. 4, we have
248graphed the cyan solid curve to indicate the resulting

249jCS;uu
uϕ þ CS;dd

dϕ j range over the mϕ region of interest.

250B. Indirect searches

251Since for mϕ < 177 MeV the DM annihilates mostly
252into pion pairs, these processes can also take place within
253the DM halo of the Milky Way Galaxy. Subsequently, the
254neutral pions emit photons and the charged ones produce
255them radiatively or via the inverse Compton scattering of
256their secondary electrons/positrons off the background
257photons. As a result, the DM couplings are subject to
258constraints from astrophysical x- and γ-ray observations
259(from telescopes such as INTEGRAL, XMM-Newton,
260Fermi-LAT, etc.). Moreover, when DM annihilation
261occurs during the epoch of cosmic microwave back-
262ground (CMB) formation in the early Universe, the
263energy injected into the cosmic fluid from the annihila-
264tion products can alter the CMB anisotropy spectrum.
265Therefore, measurements of CMB temperature and
266polarization anisotropies also imply restrictions on the
267annihilation processes. Constraints on the annihilation
268channels into pions and photons from both types of
269observables have been extensively studied in the liter-
270ature. Since the CMB limits have smaller uncertainties
271compared to those from the astrophysical x-=γ-ray obser-
272vations, and are also the most stringent, we use the recent
273Planck CMB limits on hσvi presented in Ref. [54] to
274probe our parameter space.

F4:1 FIG. 4. Left: the cyan solid curve represents the values of jCS;uu
uϕ þ CS;dd

dϕ j versus DMmassmϕ that yield the observed DM relic density.
F4:2 The brown and green regions are excluded by the CMB constraints [54]. Right: the R−-Rs regions allowed by the DM direct search result
F4:3 of PandaX-4T [55] incorporating the Migdal effect.
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Simple t-channel UV 
completion

• study additional constraints/predictions

• we have considered so far only the parameters 

relevant for B+ → K+ + invisible



• with heavy mediators, the LEFT framework we have used 
works well for the discussion so far

• but there are other constraints at low energy in UV complete 
models from the mediators:

•

• s-channel mediator, harder to explain  mixing, look for a t-
channel mediator first

𝒪S,sb
qϕ = (sb)(ϕ†ϕ)

Bs

heavy mediators

BS − B̄S



t-channel model

• introduce two heavy vector-like quarks  (we 
write …)

• and a light scalar field 

• All new fields are odd under a  symmetry

Q ∼ (3, 2,1/6), D ∼ (3, 1, − 1/3)
QR ≡ PRQ

ϕ ∼ (1, 1,0)
ℤ2

J
H
E
P
0
7
(
2
0
2
4
)
1
6
8

dR
DL DR QL QR

qL

Hφ φ

dR
DL dR

qL

φ φ H

dR
qL QR

qL

φφH

dR
DL QR

qL

Hφ φ

Figure 1. Feynman diagrams contributing to the matching to the φSMEFT-like operator OqdHφ2 via
t-channel exchange of the vector-like fermions Q and D. The magenta crosses represent mass insertions.

where group theory indices are suppressed and the SM quark generations are denoted by
indices p, r. The choice of a minus sign with Yukawa couplings y1,2 is for later matching
convenience. H ∼ (1,2, 1/2) denotes the electroweak Higgs doublet. Using the freedom to
rephase the two heavy vector-like quark fields, we choose y1 and one of the Yukawa couplings
ypq to be real without loss of generality. All other Yukawa couplings generally are complex.

The DM particle φ couples to the SM Higgs doublet via the Higgs portal interaction
φ2H†H, in addition to its coupling to SM quarks via the Yukawa interactions. The former
is constrained by invisible Higgs decay with the branching ratio BR(h → inv) < 0.107 at
95% CL [35] (see also [36, 37]), which leads to κ ! 0.01 for light φ with mass below tens of
GeV. In the following phenomenological study, we neglect the Higgs portal interaction and
consequently also its contribution to the DM mass. Taking it small compared to the bare
mass term implies κ ≪ 2m2

φ/v
2 ≈ 3 × 10−5(mφ/GeV)2 which is consistent with radiative

corrections from fermion loops.

3 B → K(∗) + inv

At energies below the masses mQ ≃ mD of the heavy vector-like quarks D and Q, the
interactions of the scalar field φ with SM quarks are described to leading order by the
following φSMEFT Lagrangian,

LSMEFT
φφqq = Cpr

qdHφ2Opr
qdHφ2 + Cpr

quHφ2Opr
quHφ2 + h.c. , (3.1)

with the first effective operator given in eq. (1.3) and the second, Opr
quHφ2 = (q̄LpuRrH̃)φ2

with H̃ = ϵH∗.
The WCs CqdHφ2 and CquHφ2 can be determined by integrating out the heavy vector-like

quarks Q and D at tree level as shown in figure 1. With the aid of the Matchete code [38],
we obtain the matching results,2

Cpr
qdHφ2 =

ypqy
r
dy1

mQmD
+

ypqy
x∗
q (Yd)xr
2m2

Q

+ (Yd)pxyx∗
d yrd

2m2
D

, (3.2a)

Cpr
quHφ2 =

ypqy
x∗
q (Yu)xr
2m2

Q

, (3.2b)

where Yu and Yd denote the SM up-quark and down-quark Yukawa couplings, q̄LYuuRH̃ +
q̄LYddRH, respectively. The first three Feynman diagrams in figure 1 correspond to the

2The matching proceeds through an intermediate step that uses the two redundant operators, (q̄Lpi /DqLr)φ2

and (d̄Rpi /DdRr)φ2. These are related to the operators in eq. (3.1) via the equations of motion of the SM
quark fields qL and dR.
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whereH is the SM Higgs doublet. The focus of this paper is to establish a viable renormalizable
ultraviolet (UV) completion of this operator, which simultaneously explains the observed
DM relic density through the thermal freeze-out mechanism.

To explain the excess with new decay modes involving a light DM pair, we refer to the
difference between the measurement and the SM value as the “NP window”. Using the new
Belle II measurement together with the SM prediction the NP window is

B(B+ → K+ + inv)NP = (1.86± 0.67)× 10−5, (1.4)
assuming three-body decay kinematics with massless neutrinos, which becomes (0.86±0.40)×
10−5 if the new average experimental value is used. Usually, the interaction mediating
B+ → K+ + inv also leads to the transitions B0 → K0 + inv and B → K∗ + inv, which may
pose strong constraints on the scenarios. Currently, the strongest experimental constraints
on these modes are [4, 5]

B(B0 → K0νν̄) ≤ 2.6× 10−5 (90% c.l.), (1.5a)
B(B+ → K+∗νν̄) ≤ 4.0× 10−5 (90% c.l.), (1.5b)
B(B0 → K0∗νν̄) ≤ 1.8× 10−5 (90% c.l.), (1.5c)

assuming three-body decay kinematics with massless neutrinos, as predicted by the SM.
Subtracting their SM predictions, these lead to the corresponding NP bounds for the relevant
modes with invisible particles to be [31]: 2.3× 10−5, 3.1× 10−5 and 1.0× 10−5, respectively.

The paper is organized as follows. In section 2 we introduce the renormalizable UV
model which generates the operator in eq. (1.3). Its implications for the B meson decays
B → K(∗)+inv are discussed in section 3 and dark matter in section 4. We discuss constraints
and the available parameter space explaining both the excess in B+ → K+ + inv and the
DM relic abundance in section 5 and conclude in section 6.

2 The model
In order to realize the UV completion of the operator in eq. (1.3), we introduce two heavy
vector-like quarks Q ∼ (3,2, 1/6) and D ∼ (3,1,−1/3) with masses mQ and mD, respectively,
in addition to the light scalar field φ ∼ (1,1, 0) to generate the Yukawa interactions q̄LiQRφ

and d̄RiDLφ with QR ≡ PRQ,DL ≡ PLD. Here we use lower case letters qL, dR, uR to
represent the SM left-handed quark doublet, right-handed down-type quark and up-type
quark singlets, respectively. The three numbers in parentheses indicate how they transform
with respect to the SM gauge group SU(3)c × SU(2)L ×U(1)Y. All exotic fields — φ, QL,R

and DL,R — are required to be odd under an imposed Z2 symmetry that stabilises the DM
particle φ. Taking mQ,D > mφ +mq, the vector-like quarks Q and D are unstable and decay
into φ and a SM quark of mass mq. Because of the Z2 symmetry, the vector-like quarks do not
mix with SM quarks, but they mix among themselves after electroweak symmetry breaking.
The full new physics parts of the Lagrangian (kinetic, Yukawa and Higgs potential) are

LNP
kinetic = Q̄i /DQ−mQQ̄Q+ D̄i /DD −mDD̄D + 1

2∂µφ∂µφ− 1
2m

2
φφ2, (2.1a)

LNP
Yukawa = ypq q̄LpQRφ + ypdD̄LdRpφ− y1Q̄LDRH − y2Q̄RDLH + h.c. , (2.1b)

V NP
potential =

1
4λφφ4 + 1

2κ φ2H†H , (2.1c)
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CS,ij
dϕ =

(yi
qy j

d y1 + y j*
q yi*

d y*1 )v

2mQmD

+ (
yi

qy j*
q

2m2
Q

+
yi*

d y j
d

2m2
D )(mdi

+ mdj
), iCP,ij

dϕ =
(yi

qy j
d y1 − y j*

q yi*
d y*1 )v

2mQmD

− (
yi

qy j*
q

2m2
Q

−
yi*

d y j
d

2m2
D )(mdi

− mdj
),

CS,ij
uϕ =

ỹi
q ỹ j*

q

2m2
Q

(mui
+ muj

), iCP,ij
uϕ = −

ỹi
q ỹ j*

q

2m2
Q

(mui
− muj

) ,

• at low energy, this leads to

• excess can be explained, 
i.e. with 

 for CS,sb
dϕ ∼ (3 − 8)/(105 TeV)

mϕ = 1 GeV

B → K(*) + invisible

Allowed by Belle II

Belle II with E.E.

Allowed by new ave.
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1
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CS,ij
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CP,ij
uϕ (ūiiγ5uj)ϕ2,
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 as dark matterϕ
• viable models require an interplay between different parameters, 

one example is shown below (right figure) with  
implying 

|yd
q,d | ∼ 0.2 |ys

q,d |
|CS,dd

dϕ | ∼ 0.2 |CS,ds
dϕ | ∼ 0.04 |CS,ss

dϕ |

He, Ma, Schmidt, GV,Volkas JHEP 07 (2024) 168



other constraints satisfied

•

– model induces 

– with  roughly the same order as the induced 

– coefficient allowed by global fits  and 

– whereas for  we need 

•  mixing appear at dim 8, 

• compare to SM  

–   mixing roughly scales as 

 

– and we need  for  with yukawas ~ 1

•  and others are also ok

B → Xsγ
Oij

dγ = d̄iσμνPRdjFμν, 𝒪ij
dG = d̄iTAσμνPRdjGA

μν

C̃sb
dγ CS,sb

dϕ

C̃sb
dγ ≲ 260/(105 TeV)

B → K(*) + invisible CS,sb
dϕ ∼ (3 − 8)/(105 TeV)

Bs − B̄s, Bd − B̄d, K − K̄
1.9 × 10−6GF (s̄γμPLb)(s̄γμPLb)

Bs

3 × 10−8GF ( 3 TeV
mQ,D )

4

[(ys
qyb

d )2, (ys*
d yb*

q )2, ys
qys*

d yb*
q yb

d ]y2
1,2 (s̄PR,Lb)(s̄PL,Rb)

m ∼ 50 TeV B → K(*) + invisible
gg → H, H → γγ

J
H
E
P
0
7
(
2
0
2
4
)
1
6
8

q
Q,D

q

q
Q,D

q

φ φ

q
Q,D

q

q
Q,D

q

φ φ

Figure 4. Potential leading order Feynman diagrams contributing to neutral meson mixing.

5 Discussion

The decays B → Xsγ, Bs → φφ, D0 → π0 + φφ, D0 → φφ and Bs − B̄s mixing can also
be generated in the model and thus could pose constraints on the allowed parameter space
that solves the Belle II anomaly. In the following, we estimate their effect and also comment
on direct searches for vector-like quarks.

B → Xsγ. This transition is related to the dipole operators in the LEFT, Oij
dγ = d̄iσµνPRdjFµν ,

with the WC from the one-loop calculation given by

Cij
dγ = 1

16π2
e

24

[
vyiqy

j
dy1√

2mDmQ
I(t) +

5mdjy
i
qy

j∗
q

6m2
Q

+ mdiy
i∗
d yjd

3m2
D

]

, I(t) = 5− 7t+ 2t2 + 3t ln t
(1− t)2 ,

(5.1)

with t ≡ m2
Q/m

2
D. Denoting the term in square brackets in eq. (5.1) as C̃ij

dγ , recent results
of global fits [56] result in the constraint C̃sb

dγ ! 260/(105TeV). The quantity C̃sb
dγ/I(t) is

roughly the same order as CS,sb
dφ given in eq. (3.4), and since the loop function I(t) ranges

between 5 and 2 as t varies between zero and infinity, this implies that B → Xsγ does
not restrict our explanation of B+ → K+ + inv, which requires the much smaller value
CS,sb
dφ ∼ (3− 8)/(105TeV). Similarly, the related operator with a gluon field strength tensor

is produced in our model with a coefficient,

Oij
dG= d̄iT

AσµνPRdjG
A
µν , Cij

dG=− 1
16π2

gs
4

(
yiqy

j
dy1v√

2mDmQ
+
mdjy

j
qy

j∗
q

6m2
Q

+mdiy
i∗
d yjd

6m2
D

)

. (5.2)

The same global fits [56] imply a constraint on the term in brackets about ten times weaker
than its counterpart in eq. (5.1).

Bs(sb̄) − B̄s(s̄b) mixing. Naively, we would expect the generation of dim-6 SMEFT four-
quark operators mediating neutral meson mixing by the Feynman diagrams6 shown in figure 4.
However, due to the chirality of the quark pairs in each fermion line being the same, the
sum of contributions from the two diagrams vanishes for dim-6 operators. Thus, the leading
order SMEFT operators with four quarks which contribute to neutral meson mixing only
arise at dim-8 order, with the structure (q̄q)2 ⊗ {D2, GA,HD,H2}. Their WCs are the order
y6Yua/(32π2m4

Q,D) with yYua representing the Yukawa couplings in the model. The largest
6Note that the penguin-like diagrams with a SM gauge boson or Higgs cannot yield such double flavour-

changing operators.
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monojets at LHC

• constrain the parameter space of invisible scalars
• toy model to compare EFT constraints from LHC data to a 

simple UV completion
• a few surprises in this comparison



 

Search for new phenomena in events with an energetic jet
and missing transverse momentum in pp collisions at

ffiffi
s

p
= 13 TeV

with the ATLAS detector

G. Aad et al.*

(ATLAS Collaboration)

(Received 23 February 2021; accepted 6 May 2021; published 10 June 2021)

Results of a search for new physics in final states with an energetic jet and large missing transverse
momentum are reported. The search uses proton-proton collision data corresponding to an integrated
luminosity of 139 fb−1 at a center-of-mass energy of 13 TeV collected in the period 2015–2018 with the
ATLAS detector at the Large Hadron Collider. Compared to previous publications, in addition to an
increase of almost a factor of four in the data size, the analysis implements a number of improvements
in the signal selection and the background determination leading to enhanced sensitivity. Events
are required to have at least one jet with transverse momentum above 150 GeV and no reconstructed
leptons (e, μ or τ) or photons. Several signal regions are considered with increasing requirements on
the missing transverse momentum starting at 200 GeV. Overall agreement is observed between
the number of events in data and the Standard Model predictions. Model-independent 95% confidence-
level limits on visible cross sections for new processes are obtained in the range between 736 fb
and 0.3 fb. Results are also translated into improved exclusion limits in models with pair-produced
weakly interacting dark-matter candidates, large extra spatial dimensions, supersymmetric particles
in several compressed scenarios, axionlike particles, and new scalar particles in dark-energy-
inspired models. In addition, the data are translated into bounds on the invisible branching ratio of
the Higgs boson.

DOI: 10.1103/PhysRevD.103.112006

I. INTRODUCTION

This paper presents the results of a new search for new
phenomena in events containing an energetic jet and large
missing transverse momentum pmiss

T (with magnitude Emiss
T )

in proton-proton collisions at a center-of-mass energyffiffiffi
s

p
¼ 13 TeV recorded by the ATLAS detector at the

Large Hadron Collider (LHC). The final-state monojet
signature of at least one energetic jet, large Emiss

T and no
leptons constitutes a distinctive signature for new physics
beyond the Standard Model (SM) at colliders. This sig-
nature has been extensively studied at the LHC in the
context of searches for large extra spatial dimensions
(LED), supersymmetry (SUSY), weakly interacting mas-
sive particles (WIMPs) as candidates for dark matter (DM)
[1–5], and signals from models inspired by dark energy
(DE) with new scalar particles in the final state [6]. In
addition, experimental results have been reinterpreted

in terms of new theoretical scenarios with axionlike
particles [7]. Finally, the monojet final-state results have
been used to constrain the invisible branching fraction
of the Higgs boson [8,9]. In the following, the different
models are discussed briefly. Figure 1 shows diagrams for
some of the models.
The existence of a nonbaryonic form of matter is well

established from a number of astronomical observations
[10–12]. The existence of a new, weakly interacting
massive particle is often hypothesized [13], as it can lead
to the correct relic density for nonrelativistic matter in the
early universe [14] as measured from data from the Planck
[15] and WMAP [16] Collaborations. For WIMP masses
below 1 TeV, WIMPs may be pair-produced at the LHC.
Traditionally, a monojet final state has been considered a
golden channel for the discovery of WIMPs at colliders. In
this case, the WIMP pair is produced in association with a
jet of particles from initial-state radiation, leading to the
signature of a jet and missing transverse momentum [see
Fig. 1(a)]. Results are presented for simplified DM models
[17–19] where Dirac fermion WIMPs (χ) are pair-produced
from quarks via s-channel exchange of a spin-1 mediator
particle (ZA) or a spin-0 mediator particle (ZP) with axial-
vector or pseudoscalar couplings, respectively. In the case
of the axial-vector mediator model with couplings of the

*Full author list given at the end of the article.
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already reached for the EM5 selection due to the softer
precoil
T spectrum.
Figure 5(a) shows the observed and expected 95% CL

exclusion contours in the mZA
−mχ parameter plane for a

simplified model with an axial-vector mediator, Dirac
WIMPs, and couplings gq ¼ 1=4 and gχ ¼ 1. In the region
mZA

> 2 ×mχ , mediator masses up to about 2.1 TeV are
excluded for mχ ¼ 1 GeV, extending significantly beyond
previous bounds. The masses corresponding to the relic
density [120] as determined by the Planck and WMAP
satellites [15,16], within the WIMP dark-matter model
and in the absence of any interaction other than the
one considered, are indicated in this figure as a line that

crosses the excluded region at mZA
∼ 1500 GeV and

mχ ∼ 585 GeV.
Similarly, Figure 5(b) presents observed and expected

95% CL exclusion contours in the mZP
−mχ parameter

plane for a simplified model with a pseudoscalar mediator,
Dirac WIMPs, and couplings gq ¼ 1 and gχ ¼ 1. For the
first time, the monojet final state in the ATLAS experiment
has enough sensitivity to exclude a part of the parameter
space in such a model. Mediator masses below 376 GeVare
excluded for very light WIMP candidates.
In the case of the axial-vector mediator model, the results

are translated into 90% CL exclusion limits on the spin-
dependent WIMP-nucleon scattering cross section σSD as a
function of the WIMP mass, following the prescriptions
from Refs. [19,120]. Figure 6 shows exclusion limits for
WIMP-proton and WIMP-neutron scattering cross sections
as a function of the WIMP mass, compared with the results
from the PICO [122] experiment, and from the LUX [123]
and XENON1T [124] experiments, respectively. Stringent
limits on the scattering cross section of the order of
1.4 × 10−43 cm2 for WIMP masses of about 100 GeV,
and 3 × 10−44 cm2 for WIMP masses below 10 GeV are
inferred from this analysis, which complement the results
from direct-detection experiments.

2. Squark-pair production

As in previous publications, different models of squark-
pair production are considered: stop-pair production with
t̃1 → cþ χ̃01, stop-pair production with t̃1 → bþ ff0 þ χ̃01,
sbottom-pair production with b̃1 → bþ χ̃01, and squark-pair
production with q̃ → qþ χ̃01 (q ¼ u, d, c, s). In each case
separately, the results are translated into exclusion limits
as a function of the squark mass for different neutralino
masses. The region with stop-neutralino or sbottom-
neutralino mass differences below 5 GeV is not considered

TABLE VIII. Data and SM background predictions in the signal region for the different selections, as determined using a binned
likelihood fit in the control regions. For the SM predictions both the statistical and systematic uncertainties are included.

Inclusive Signal Region Exclusive Signal Region

Region Predicted Observed Region Predicted Observed

IM0 3 120 000# 40 000 3 148 643 EM0 1 783 000# 26 000 1 791 624
IM1 1 346 000# 16 000 1 357 019 EM1 753 000# 9000 752 328
IM2 597 000# 8000 604 691 EM2 314 000# 3500 313 912
IM3 286 000# 4000 290 779 EM3 140 100# 1600 141 036
IM4 146 400# 2300 149 743 EM4 101 600# 1200 102 888
IM5 45 550# 1000 46 855 EM5 29 200# 400 29 458
IM6 16 800# 500 17 397 EM6 10 000# 180 10 203
IM7 7070# 240 7194 EM7 3870# 80 3986
IM8 3180# 130 3208 EM8 1640# 40 1663
IM9 1560# 80 1545 EM9 754# 20 738
IM10 720# 60 807 EM10 359# 10 413
IM11 407# 34 394 EM11 182# 6 187
IM12 223# 19 207 EM12 218# 9 207

TABLE IX. Observed and expected 95% CL upper limits on the
number of signal events, S95obs and S95exp, and on the visible cross
section, defined as the product of cross section, acceptance and
efficiency, hσi95obs, for the IM0–IM12 selections.

Selection hσi95obs [fb] S95obs S95exp

precoil
T > 200 GeV 736 102 274 83000þ22000

−23000
precoil
T > 250 GeV 296 41 158 33800þ11300

−9400
precoil
T > 300 GeV 150 20 893 15400þ5900

−4300
precoil
T > 350 GeV 86 11 937 8300þ3100

−2300
precoil
T > 400 GeV 52 7214 4700þ1800

−1300
precoil
T > 500 GeV 21 2918 1930þ730

−540
precoil
T > 600 GeV 10 1391 940þ360

−260
precoil
T > 700 GeV 4.1 574 490þ190

−140
precoil
T > 800 GeV 2.1 298 277þ106

−77
precoil
T > 900 GeV 1.2 164 168þ65

−47
precoil
T > 1000 GeV 1.3 186 119þ45

−33
precoil
T > 1100 GeV 0.5 73 75þ28

−21
precoil
T > 1200 GeV 0.3 40 49þ19

−14
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photons, and jets with pT > 20 GeV and jηj < 4.5. Tracks
compatible with the primary vertex but not associated with
any of those objects are also included in the vectorial sum,
as described in Sec. 3.4.2 of Ref. [104].

V. EVENT SELECTION

This analysis is based on data collected by ATLAS
during Run 2 of the LHC, corresponding to a total
integrated luminosity of 139 fb−1. The data were collected
using a trigger based on a requirement on Emiss

T as
computed from calorimetry information at the final stage
of the two-level trigger system [105]. After analysis
selections, the trigger was measured to be fully efficient
for events with Emiss

T > 200 GeV, as determined using a
data sample with muons in the final state.
Events are required to have at least one reconstructed

primary vertex consistent with the beamspot envelope and
containing at least two associated tracks of pT > 500 MeV.
When more than one such vertex is found, the vertex with
the largest summed p2

T of the associated tracks is chosen.
Events having identified muons, electrons, photons or
τ-leptons in the final state are vetoed. Selected events have
Emiss
T > 200 GeV, a leading jet with pT > 150 GeV and

jηj < 2.4, and up to three additional jets with pT > 30 GeV
and jηj < 2.8. Separation in the azimuthal angle of
Δϕðjet;pmiss

T Þ > 0.4ð0.6Þ between the missing transverse
momentum direction and each selected jet is required
for events with Emiss

T > 250 GeV (200 GeV < Emiss
T ≤

250 GeV) to reduce the multijet background contribution,
since large Emiss

T can originate from jet energy mismeasure-
ment. Jet quality criteria [106] are imposed, which involve
selections based on quantities such as the pulse shape of the
energy depositions measured in the cells of the calorim-
eters, electromagnetic energy fraction in the calorimeter,
maximum fraction of the jet energy collected by a single
calorimeter layer, and the charged-particle fraction.2 Loose

selection criteria are applied to all jets with pT > 30 GeV
and jηj < 2.8, which remove anomalous energy depositions
due to coherent noise and electronic noise bursts in the
calorimeter [107]. Events with any jet not satisfying the
loose criteria [106] are discarded.
Noncollision backgrounds, for example energy deposi-

tions in the calorimeters due to muons of beam-induced or
cosmic-ray origin, are suppressed by imposing tight selec-
tion criteria on the leading jet: the ratio of the jet charged-
particle fraction to the maximum fraction of the jet energy
collected by a single calorimeter layer, fch=fmax, is required
to be larger than 0.1. Jet quality requirements altogether
have a negligible effect on the signal efficiency.
The signal region (SR) is divided into different bins of

Emiss
T , which are listed in Table I. Inclusive bins are used for

a model-independent interpretation of search results, while
the full set of exclusive bins are used for the interpretation
within different models of new physics.

VI. BACKGROUND ESTIMATION

A semidata-driven technique, supported by statistically
independent control regions, is used to constrain the
normalization of Standard Model backgrounds. The
approach followed is similar to the one used in previous
versions of the analysis [4].

A. Control regions

The estimation of the Z þ jets, W þ jets, tt̄, and single-t
backgrounds is performed using five control regions, as
described below. These regions are defined in a way similar
to the SR: events are selected in terms of a quantity which
is—similarly to pmiss

T in the SR—a proxy for the transverse
momentum of the system which recoils against the had-
ronic activity in the event. This quantity is denoted in the
following by precoil

T , and its magnitude by precoil
T . The same

selection criteria for jet multiplicity and leading jet pT as in
the SR are applied in the control regions, with the same
requirements on the azimuthal separation of jets from
precoil
T . Control regions are binned in terms of precoil

T , using
the same binning as in the signal region (see Table I). In the
signal region, precoil

T is equivalent to Emiss
T .

TABLE I. Intervals and labels of the Emiss
T bins used for the signal region. Details are given in the text.

Exclusive (EM) EM0 EM1 EM2 EM3 EM4 EM5 EM6
Emiss
T [GeV] 200–250 250–300 300–350 350–400 400–500 500–600 600–700

EM7 EM8 EM9 EM10 EM11 EM12
700–800 800–900 900–1000 1000–1100 1100–1200 >1200

Inclusive (IM) IM0 IM1 IM2 IM3 IM4 IM5 IM6
Emiss
T [GeV] >200 >250 >300 >350 >400 >500 >600

IM7 IM8 IM9 IM10 IM11 IM12
>700 >800 >900 >1000 >1100 >1200

2The charged-particle fraction is defined as fch ¼
P

ptrack;jet
T =

pjet
T , where

P
ptrack;jet
T is the scalar sum of the transverse momenta

of tracks associated with the primary vertex within a cone of size
ΔR ¼ 0.4 around the jet axis, and pjet

T is the transverse momen-
tum of the jet as determined from calorimetric measurements.
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Here, the indices p and r label the SM quark generation indices, QR ⌘ PRQ and DL ⌘ PLD.
We also assume that the lightest Z2-odd particle is �, so that m� < mQ/D. This scenario
leads to decays of Q and D having missing energy. We denote this model by VLQS
in the following. With this Z2 symmetry assignment, the vector-like quarks in our model
always decay with missing energy, and are therefore unconstrained by current ATLAS/CMS
bounds on vector-like quarks (see [28] for a review). Our study provides the first constraint
on these objects.

2.3 EFT-UV Matching

To discuss the correspondence between the two theories, the VLQS model of Eq. (2.3) can
be matched to the WCs in Eq. (2.2). The operators OqdH�2 and OquH�2 are generated at
tree level, and the operators OB�, OW�, and OG� at 1-loop level:

[CqdH�2 ]pr

⇤2
=

ypqyrdy1
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(2.4)

From the perspective of monojet searches, the primary focus of this study, the WCs
CqdH�2 , CquH�2 , and CG� are particularly relevant. The WCs CB� and CW� mainly con-
tribute to mono-Z or mono-W signatures as already mentioned, and we include their
matching for future reference. The matching in Eq. (2.4), at tree-level for the first two
couplings and one-loop level for the last three, was obtained with the aid of Matchete [29].

In this study, we focus on constraints on OqdH�2 and OG� from monojet searches, while
also presenting bounds on OquH�2 as a byproduct of our analysis. Bounds on OquH�2 can
be used for comparison with different UV completions, which may be sensitive to it.1 We
include the operator OG� but not OW� nor OB� in our study because even though all three
have coefficients that are loop suppressed, the former is enhanced in gluon-initiated pro-
cesses at LHC and has much larger hadronic matrix elements relevant for direct detection.
For all the computations in this study, we adopt the diagonal up-quark basis.

3 Monojet constraints from the LHC

The operators OquH�2 , OqdH�2 , and OG�, as well as the UV model itself, contribute to
the monojet signal at the LHC through the production of DM in association with a jet

1An example being the two Higgs doublet model plus a real scalar as in [30].
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•
• PandaX-4T DarkSide-50 

with Migdal effect for light 
DM with  GeV. 
Above  GeV, LZ 
places the strongest limits.

• PandaX and LZ use Xenon 
targets, DarkSide uses 
Argon

• DEAP-3600, uses Argon, 
places constraints for 

 GeV.

mϕ ≲ 2
mϕ ∼ 9

mϕ ≳ 20
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summary

• motivated by recent Belle II and NA62 results, we explored the NP 
physics window that could be probed with the modes 

 and 

• we assume the NP takes the form of pairs of invisible scalars and 
construct the relevant effective theory

• there are viable regions of parameter space that populate these 
windows with invisible scalars

• it is possible to interpret these scalars as DM and satisfy relic density 
and DD constraints, including those with the Migdal effect

• a t-channel mediator model with two VLQ was used as an existence 
proof to demonstrate that it is possible to satisfy these and other 
phenomenological constraints

• a new monojet study provides a useful comparison of bounds 
obtained using SMEFT vs a simple UV completion

• the monojet constraints complement those from DD 

B+ → K+ + 𝚒𝚗𝚟𝚒𝚜𝚒𝚋𝚕𝚎 K+ → π+ + 𝚒𝚗𝚟𝚒𝚜𝚒𝚋𝚕𝚎


