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1. Introduction

Rare meson decays into neutrino pairs, such as B — Kvv or K — mvv are theoretically very
clean and have long been seen as ideal for precise measurements of SM parameters. Alternatively,
they constitute clean windows to new physics. Recently, the Belle II collaboration reported a
measurement[1],

B(B* — K™vP)exp = (2.3 £0.7) x 1072, (1)

compatible with the SM at the 2.7 o level but still allowing NP contributions six times as large
as the SM. This has motivated a renewed interest in studying potential BSM contributions to this
mode [2-20]. When the new measurement is averaged with previous ones, the result 8(B* —
K*yv)aye = (1.3 £0.4) x 107° [1] is slightly closer to the SM expectation [21],!

B(B* — K*vi)sy =(4.43 +0.31) x 1075, )

For our study, we work with a NP window based on the ratio,

K _
va=

B(B+ — K+V17) — {(Rllf(v)new Bellell = 53 + 17’ (3)

B(B* — K*vV)su (RX = 3.0x1.0.

Vv ) new average

Numerically, we use both the new Belle II measurement (“new 1 o~ range”) and the new average.

The rates for the charged and neutral B meson decay to a kaon and missing energy are the same
without isospin breaking (this happens in both the SM and all the extensions we study), and the
measurement of the neutral mode is at present less restrictive so it is not necessary to include it. On
the other hand, we need to ensure that any NP satisfies the existing bounds for the related decays
into K*,

RV = B(B — K*'vv)
K B(B — K*VV)SM

<2.7o0r1.9. 4)

The value 2.7 corresponds to the combined charged and neutral modes as quoted by Belle [23],
whereas the value 1.9 corresponds to the strongest experimental constraint from just the neutral
mode, B(B? — K%vv) < 1.8 x 107 (90% c.1.) [23].

2. New physics scenarios with neutrinos

In Figure 1, we depict the type of NP we discuss: the diagram on the left for a LEFT
description of models with two invisible particles that can be neutrinos or new light dark scalars.
This can be realised in models with s-channel mediators (such as a Z’) or with t-channel mediators
(such as leptoquarks for the neutrino case [3] or vector-like quarks for new invisible scalars [14]).
Introduction of mediators permits us to consider additional phenomenological constraints, such as
from meson mixing.

IThis is the result without the so-called tree-level contribution, it is a bit lower than the one quoted in [1] due to the
use of different CKM parameters, illustrating that there is still some parametric uncertainty [22].
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Figure 1: Schematic depiction of interactions in a low-energy effective theory (LEFT) with either neutrinos
or new light dark particles in the final state (left) and possible s/t-channel mediators from UV complete
models.

We first discuss the case when the invisible particles are neutrinos via the effective Hamiltonian
4GF , e ij Aij ij Aij rij A ij 1ij A ij

Hie = ==V Vi fo Yo (ciof +ciof +c Vo + o) + he, ()

i

with operators

0/ = Gryubr) Fiy" (1 - ys)v)), Oy = GrYubr) Fiy" (1 - ys)v)), (6a)
0;" = SLyubr) Fiy* (1 +ys)v)), 0" = Sryubr)(7iy* (1 +ys5)v;) . (6b)

The Wilson coefficients in 6 are defined to contain only NP contributions.” The operators OZL’ R
appear in many standard extensions of the SM, such as through lepto-quark exchange, as we discuss
below. In contrast, the operators O'L’}? require light right-handed neutrinos.
2.1 Constraints from Ry, R}

Contributions from Eq. 5 to B — K*)v¥ may interfere with the SM, O’L’ R’ fé and
O'Ll{e For B — Kvv, only the vector current appears in the hadronic matrix elements, so Ozj

or not, O

and O;{ (or O'Lij and O;eij ) contribute equally to the rate. For B — K*vv, both the vector and
axial-vector currents play a role. The different neutrino chirality eliminates interference between
the contributions from primed and unprimed operators for massless neutrinos. We find numerically
[3] using flavio [26],°

2
[+

rij rij
C, 7 +Cp

2
) ; (N

4

RY ~1-0.1Re ) (Cil+Cji) +0.008 > (’cf +Cl
ij

Ry~ 1+Re ) (<0.1C}+0.07 Cf)

i

+> [0.008 (|c2"|2 FICUR+1C, R + |c;;'f|2) ~0.01Re (Cifc;‘;f M odelon "-")] )
ij

A few items to note in these equations,

* None of the operators in 6 breaks isospin, so they result in equal rates for the charged and
neutral modes.

2For comparison, the SM contributes only to C};" with value Cy, sy = —X(x,)/s%v, X(x¢) =1.469+£0.017 [24, 25].
3 Analytic expressions can also be found in [27].
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* The primed coeflicients do not interfere with the SM or with the unprimed ones.

* Several specific cases result in RYY = R}, for example, in models that only produce Cp,
terms.
2.2 t-channel mediators: leptoquarks
As an example of a t-channel mediator, we use scalar or vector leptoquarks with SM couplings
to neutrinos. There are six possibilities
Lg = /lLSOCjLL'iTQ{’LSOT + /lLs'l/zd_RfLSJlr/Z + /lLSICYZiT2¥ . STKL + h.c. )

.[,V = /lLVl/ZJICQ)/'quVIT/Hz +/1LV1 c]Ly,ﬁ . \7;”1514 + h.c.,

with different constraints due to correlations with charged lepton modes. These correlations can be
written in terms of the usual dimension six operators for thatcase Of,, = (S(r)> Yubr(r)) (€Y ()), O ) =

(SL(R)» YubL(r))(Liy"ysC;), and are given by

Si:(3,1,1/3) = Y (10)
S i (3,2,1/6) = Cy =-C}l, =2Cy

§1:(3,3,1/3) = ¢ =-C}} =2c}/
vi,1(3.2,5/6) = Ci =—c}}, =2C}

Vi:(3,3,2/3) = C/=-Cll = %cif

The contributions from each LQ are

bj qxsi bj usi Sj yxbi

C[/ _ T /lLS()/lLS() + /lle/lle 2/1LV1/1LV1 (11)

L — - 5

\/EQ'GFth Vz*s 2mS02 2mg, 2 my, 2
sJ +bi bj si

Cii =l = _Cl = T LSy  LSip N LVip LVi),

R ™~y = "~ — . | 2 2 >

V2aGpV; 4 Vi, mg, my, ,
bj yxsi sj *bi

Cij _ _Cij _ 7 /lle/lle _ ’ll_vl/lLv1

9 = 10 — \/— * me 2 2

ZQ’GFthVlS 1S, my,

From Eq. 11 we see that taking one LQ at a time results in Sy, S1, V] generating only Cy, and thus
predicting Ry = R¢”. This prediction also holds for Sy, V2 with only lepton-flavour diagonal
terms. A scan of the Czj - Cg (C'Lij , C;eij ) parameter space is shown in the left panel of Figure 2
as the light (dark) grey region marking the predictions for RI‘;‘@) that can be reached from this
parameter space. The figure also shows horizontal dashed red lines indicating the two possible
numbers for the upper limit R¢” from Eq. 4, as well as vertical solid (dashed) lines marking the
current average and new 1o ranges of Eq. 1. The green area is the 30- SM prediction. We can see
how the prediction RyY = R}, conflicts with the new 1o range and is only marginally acceptable

for the new average, making So, Si, Vi less appealing.
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On the centre panel, we scan over the six parameters in C iJ , showing that Sy 5, V1, are more
promising candidates to explain the excess. We have highlighted in blue (red) the regions that
satisfy the new Belle Il measurement and Ry < 2.7 (1.9) to correlate them with predictions for
other modes. Finally, the right panel repeats this scan, fixing Cp* = C ;" = 0 as discussed below.

6]

Rp=31
1 3
RY

Figure 2: The correlation between R and R obtained by scanning the 12 parameters Cg, C;{ is shown
in light grey, while that for C; "/, Cy" is shown in dark grey (left panel). We also highlight the 3 o SM
prediction in green. The centre panel shows the scan of the 6 parameters in C}/, whereas the right panel
only scans 4 parameters from C;{, taking Cﬁ” = Cg? = 0. The points highlighted in blue or red fall within
the new 1o range of R}” (also marked by the vertical solid black lines). Additionally, the blue (red) points
satisfy RY% < 2.7 (1.9) respectively (values marked by the horizontal dashed red lines). The diagonal black
line is Rx = Rk~.

2.3 Correlations with charged lepton modes

So also modifies Rg) as it induces the operator chtvl. Defining ) = RRD(*) , we find
D) sm
@\ (3002 8202 @ 332
rD:rD*:(E) |(CL|+|CL|)+|1—§CL|. (12)

The HFLAV numbers from Moriond 2024 [28] are rp = 1.15 +£0.09, rp- = 1.13 £ 0.05. On the
other hand, if we take a high value RI"{v = RI"(‘; ~ 3.5, we can only reach rp < 1.06, so that the
two observables are in conflict [27], making Sy a less attractive option.

Recent global fits to b — s£*¢~ processes suggest that |C$"“| ~ |C§¢l < 1, with Cy being
somewhat smaller for both muons and electrons. The correlations implied by S; or V; Eq. 11 then
imply minimal effect from lepton flavour diagonal terms C Ze’” * for RY', RY..

A visualisation of the parameter space [29-31] that can be seen here indicates that at least one
of the diagonal entries, Cg, needs to be large, around ten, to find a solution. This conflicts with
b — st*{~ results for both C§° and Cg” , leading us to conclude that the only possibility is that
Cg" is large. This motivates the separate scan shown on the right panel of Figure 2.

The preferred parameter regions in this case (red and blue) lead to predictions of large en-
hancements over the SM in the rates for By — 77 and B* — K*7r, illustrated in Figure 3. These
regions also lead to large charged lepton flavour violation in By — 7*u~ and B — K*t*u~ shown
in the same Figure. In this regard, it is interesting to note that the current upper bound on the
Cg coefficients from CLFV processes is less restrictive than what results from R} except for ue
flavours. This comparison, for one LQ at a time is shown in Table 1 [3].


https://arxiv.org/src/2309.12741v4/anc/parameters.mov
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Figure 3: The left panel shows the allowed region in C}* — CgT satisfying RI‘;‘{*) as per Eqgs. 3-4, with the
same colour coding of previous figures. A map of these regions onto predictions for other B meson decay
modes is shown in the other two panels. The solid black line for the lepton flavour conserving processes

marks the SM prediction.

LQ upper bound on C}/ from R} =R}, <2
from CLFV B decays ij=pe | ij=etr | ij=pur
Sin | ICE <04 [ |CeT <26 [ |CET <35 | 1001 | 64 11
S | 1CH 502 | |CeT| <13 | [CET < 18 | 1.0003 | 24 35
Vi |C'ue| <04 | |CFTI 526 |C“T| <35 | 1.001 6.4 11
Vil e <08 | [cetl <52 | [CRT<70 | 1005 | 23 40

Table 1: Upper bound on coefficients C;j  taken one at a time from constraints on charged lepton flavour
violating modes [3] compared with the corresponding constraints from Ry, = Ry. < 2 for different lepto-
quarks.

2.4 s-channel Z’ mediators

We can generate the operators C'L”R in Eq. 6 in models with new light sterile neutrinos. A
scan of the relevant parameter space is shown in the left panel of Figure 2 as the dark grey region.
The region is smaller than what can be covered with the CZJ g coeflicients, and the rates are always
larger than the SM rates, because there is no interference with the SM. A specific model where the
right-handed neutrino couples to the SM fields via a Z’ mediator runs into trouble satisfying the
constraint imposed by B mixing. This constraint implies that only the R ~ RY" < 2 is accessible
[3, 32, 33], and is thus not a good candidate to explain an excess in B* — K* + missing E as the
one implied by the Belle II number.

3. New light invisible particles

The Belle II measurement also provides a window into new invisible light particles, with
masses m < mp — mg. Here, we assume that they must be pair-produced due to a Z, symmetry or
a dark charge so that they result in a three-body decay. We have considered the spin cases 0, 1/2,
and 1 in [5, 27], but will discuss only the scalar case in this talk. We assume that mediators occur
at a high scale and can be integrated out to produce an effective ¢LEFT.
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3.1 ¢LEFT
With scalar invisible particles, there are only two operators up to dimension six that contribute

to B¥ — K* + missing E,

1 , 1
L :_OS,S +—
AeIT a¢ Agﬁf

OS5 = (5b)(¢79). OV = (5"b) (9119, 0).

V,sb
Oq¢ (13)

and the second one (in blue) vanishes for real scalars. In an effective theory at the electroweak
scale, ®SMEFT, they both arise at dimension six as the first one may look like

I ssp vV ¥
—0." € —(q2.brH)(¢'¢9) (14)
Aeff a¢ Agff

The parameter space allowed by current data is shown in Figure 4. One can further discriminate
between models by comparing the spectrum shape. This is illustrated on the right panel of the same
figure, following [27] but emphasising that not enough information has been released by the Belle
II collaboration for a definitive comparison with the spectrum. In any case, since the current result
suggests that the enhancement is due to the region 3 < g% < 7 GeV?, the figure indicates that if the
new physics has coupling O;:;b the data would prefer m 4 ~ 300 MeV.

o5 8 0% B =Ko -

20F

Ar [10° TeV]
- [GeV?]x 1072

dr

aq

1000 1500 2000 2500 1000 1500 2000 2500 0 5 10 15 20
my [MeV] mg [MeV] ' [GeV?]

Figure 4: Left and centre panels: the parameter space that could explain the recent Belle II excess [new
average] is shown in pink [purple] with scalar DM for scalar (vector) quark current operators Oj;;b-left panel

(O:jb - centre panel). The grey region is excluded by other B meson decay modes that are indicated in the

plots by coloured lines. The right panel shows the g distribution of normalised differential decay widths
after taking into account the experimental efficiency.

3.2 Mediators and dark matter

We turn to the questions of possible mediators to generate the pLEFT operators in a UV
complete theory and to whether the new scalars can be identified with dark matter candidates. The
importance of the first question was already illustrated above for right-handed neutrinos. Whereas
the effective theory was a plausible candidate to explain an excess, a Z’ mediator is ruled it out
due to additional constraints. Following that example, and referring to Figure 1, we can guess
that t-channel mediators will have an easier time satisfying B mixing constraints than s-channel
mediators. With this in mind, we construct an explicit model with t-channel vector-like quark
mediators [14].
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The basic ingredients of the model are two heavy vector-like quarks Q ~ (3,2,1/6), D ~
(3,1,-1/3) and a light scalar field ¢ ~ (1,1,0). All the new fields are odd under a Z, symmetry
to stabilise the dark matter particle ¢. These are the conditions that produce 03(’; b in ¢LEFT

framework above. The Lagrangian for our model is

- - - _ 1 1
LY o =0iPQ —mpQQ + DilpD —mpDD + Ea,,¢a#¢ - Em@,qﬁ, (15)
~£Yukawa qu)q_LpQR¢+yZD_LdRp¢_le_LDRH_yQQ_RDLH+h.C. , (16)
1
Vpotentlal /l¢¢ + = K¢2HTH (17)

At low energy, after integrating out the heavy vector-like quarks, this leads to

LY —105 W (did )¢ + cP W (d; irsdy 6%+ cS o )¢ + cu¢f(u iysuj)¢?  (18)

¢ baq
. (y y y1+y y”‘y*)v y y yl*yj
Cj;JZ qrd q47d-’1 q;l d2d (mdi+mdj)
\/_QOD 2mQ 2my,
opii_ Vi - VOV (vl vk (my —mp)
d¢ V2momp 2mg,  2mj, T
A7 I
C’f;] = -4 (mu +mu)’ lCP lj a°9 (mu _mu) ) (19)
2m2Q ’ ! 2m 2Q l J

The model is then a candidate to explain the possible Belle II excess, for example, with CS sb
(3-8)/(10° TeV) and mg =1 GeV as can be seen in Figure 5

[ Allowed by Belle Il
100 | Belle Il with E.E.
—_ Allowed by new ave.
T> 50[|-- B" — K%¢
= — K¢
|o BO N K*O¢¢
2 L ~Psb o
Vé;% 10; Cd¢ .
5
///
D
0 0.5 1 1.5 2 2.5
my [GeV]

Figure 5: Preferred parameter space to accommodate the B* — K* + inv measurements with decaysinto
DM final states, B* — K*¢¢ : latest Belle Il measurement [1] in red, reweighted to account for the selection
efficiency in blue; using the new average in purple [1]. The dashed line indicates the current Constraint from
B — K% +inv [23, 34] on |C§’Sb| and the solid orange and green lines the constraints on |C o posed by

the searches for B* — K** +inv and B® — K% + inv [23, 34], respectively.
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3.3 Identifying the ¢ scalar as a dark matter candidate
To investigate whether this is possible, we require two conditions

* Calculating the dark-matter annihilation cross-section, we check that it is possible to produce
the correct relic density QA? = 0.12 through the thermal freeze-out mechanism. For this
kinematic regime, the possible annihilation channels are into pions, kaons and etas, so we
rely on a chiral realisation of Eq. 18.

0—26 cmds~!

To achieve this we need the thermally averaged cross-section to be (ov) =~ 2.4x1 ho)ic =

2.2 x 1072 GeV~2 [35], which implies that we need CLSI’;S ~ (0.1)/(TeV).

* We also need to avoid direct detection constraints, in particular those using the Migdal effect
for sub-GEV dark matter [36-38] as reported by the liquid xenon and argon experiments,
including XENONIT [39], DarkSide50 [40], LZ [41], and PandaX-4T [42]. We follow [43]
to calculate the effective DM-nucleon cross section.

« To produce the correct relic density and an excess in B — K*) + invisible compatible with
the Belle 1I observation, we only need the coeflicients Cj;;b and Cj;;s but this scenario is
already ruled out by Panda X4T as seen in the left pane of Figure 6.

Viable models require an interplay between different parameters. One example that satisfies
all the conditions is shown in the right panel of Figure 6, corresponding to the choice

v 4l ~ 0.2]y% |, which leads to |cj;;d| ~ o.2|c§;;S| ~ o.o4|c;j;;S|.

0.7

S.dd _ S,58
Colt = —0.04C%;
0.6f ]
020
_ 05
= T
5 o015 % 04 WA ]
= on* =0.12 =) I i‘\/‘.{o_&?
-— z_ 03 5
4% 0.10F NS
= 0.2f R ]
~ QR = 0.12 .
005 AT Mg o 0.1f —— - ]
; - . Migdal effect
. . . . ] 0.0L: . : i
05 06 0.7 0.8 09 0.5 0.6 0.7 08 0.9
my [GeV] my [GeV]

Figure 6: Value of Cj;b” needed to produce the correct relic density for different scalar masses (left). To
also satisfy direct detection constraints from the Migdal effect, additional parameters are needed; the right

panel shows the situation with |C§;Pdd| ~ O.O4|C§$‘Y|

For this choice of parameters, we have checked that other phenomenological constraints are
also satisfied, gg — H, H — vy, B; — ¢¢, By, By and K mixing, B — Xy and D — ¢¢ [14].
The effective interactions of Eq. 14 can motivate different UV completions with interesting
phenomenology. For example, a 2HDM plus scalar dark matter completion [20] has sources of
CP violation in AS = 1 transitions that go beyond what can be probed by € and €’ and can lead to
large CP-violating asymmetries in hyperon decay. Recall that are the two CP violating parameters
extracted from K — nr amplitudes as [44]
. AKp—>7n'n7)
- A(Ks — )

=———— ~ —e-2¢ 20
A(Ks — n0n0) €T 20)

=e+€, 7
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Their measured values agree with the SM but the calculations still suffer from large uncertainties
[45, 46], leaving some room for new physics contributions. Another direction in NP parameter
space is probed by asymmetries in hyperon non-leptonic decay, such as

A
Acp =
dT'(A — pn™)
dQ

21

a—a

~(1+aPar-bp), (22)

where @ measures the correlation between the A polarisation and the proton momentum, and &
the corresponding parameter for A decay. We illustrate this in Figure 7, where the size of the CP
asymmetry in A — pn~ decay, A/C\ p» 18 shown as a function of the three main observables that
constrain it: kaon mixing, direct and indirect CP violation in kaon decay. It can reach levels within
the sensitivity of BES III.

ALp(%)
ALp(%)

(AMk/Mg)np 10° Enp 10° € nple

Figure 7: Distributions of A/C\’I'lew versus AMEYJAME? (left), enew (centre), and &, /& (right), in the

2HDM plus light scalar model of [20].

4. Summary and conclusions

Motivated by the recent Belle II result, we explored the NP physics window that could enhance
the mode B* — K* + invisible over the SM B* — K*vv. At the same time, we require
consistency with the existing 90% c.l upper bounds on the related modes B — K*)y7 and B® —
K%v¥. We also consider correlations with charged lepton modes.

We find that neutrino LFV couplings, with only left-handed neutrinos, can reproduce the rates
for these modes,

* When induced by a single LQ exchange, S1,2, V> can reproduce the rates provided at least
one of the lepton flavour diagonal coefficients is of order 10.

* Measurements of b — s€*¢~ processes rule out this possibility for dielectron and dimuon
modes, leaving the ditau modes as the only option.

* This solution then predicts enhancements in rare B decays with ditau final states and also
large charged lepton flavour violating modes with muon-tau.

The invisible particle can also be pairs of new scalars, vectors or fermions. We constructed
the lowest dimensionality ¢LEFT for these cases, selecting only operators relevant for these modes.
There are viable regions of parameter space for several of these operators that can explain the excess

10
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in B¥ — K*+ invisible . Future measurements of the missing energy spectrum can discriminate
between some of these possibilities.

We presented an explicit t-channel mediated model involving two vector-like quarks to illustrate
that a pair of light scalars enhancing B* — K* + invisible is consistent with these scalars being
dark matter particles in the sense that their annihilation can produce the correct relic density and
that the parameter space allow you to evade direct detection constraints including the Migdal effect.

We commented on other possible UV completions and their interesting effects on CP violating
observables.
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