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ABSTRACT: We present a systematic global analysis of dineutrino modes b — qvv, ¢ = d, s,
and charged dilepton b — ¢ ¢*¢~ transitions. We derive improved or even entirely new lim-
its on dineutrino branching ratios including decays B° — (K", X,)vv, By — ¢vi and
BY — (7% p”) v from dineutrino modes which presently are best constrained: BT —
(KT, 7%, p") v and B — K**vir. Using SMEFT we obtain new flavor constraints from
the dineutrino modes, which are stronger than the corresponding ones from charged dilep-
ton rare b-decay or Drell-Yan data, for er and 77 final states, as well as for y7 onesin b — s
processes. The method also allows to put novel constraints on semileptonic four-fermion
operators with top quarks. Implications for ditau modes b — s7t7~ and b — d77~ are
worked out. Even stronger constraints are obtained in simplified BSM frameworks such as
leptoquarks and Z’-models. Furthermore, the interplay between dineutrinos and charged
dileptons allows for concrete, novel tests of lepton universality in rare B-decays. Perform-
ing a global fit to b — s ™™, sy transitions we find that lepton universality predicts the
ratio of the B — K*'vi to B — K'vi (B — K™ vi) branching fractions to be within
1.7 t0 2.6 (1.6 to 2.4) at 10, a region that includes the standard model, and that can be
narrowed with improved charged dilepton data. There is sizable room outside this region
where universality is broken and that can be probed with the Belle II experiment. Using
results of a fit to B® — utpu~, B — K*9u*tu~ and BT — 77 uTu~ data we obtain an
analogous relation for |Ab| = |Ad| = 1 transitions: if lepton universality holds the ratio of
the B — p° v to BY — 7% v (BT — % viv) branching fractions is within 2.5 to 5.7 (1.2
to 2.6) at 1 . Putting upper limits on B(B; — vv) at the level of 107> and B(B® — vi)
below 107% would allow to control backgrounds from (pseudo-)scalar operators such as
those induced by light right-handed neutrinos.
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1 Introduction

Flavor-changing neutral current (FCNC) quark transitions provide promising avenues to-
wards new physics (NP) due to their suppression within the standard model (SM) by a weak
loop, the Glashow-Iliopoulos-Maiani (GIM) mechanism and Cabibbo-Kobayashi-Maskawa
(CKM) hierarchies. NP effects could hence be large, and signal a breakdown of the SM.

Further tests of the SM and its symmetries can be performed if leptons are involved.
Rare B-decays into a pair of leptons /70~ = eTe™, uTpu~ allow for clean tests of lepton
universality (LU), a backbone of the SU(3)c x SU(2)r x U(1)y-SM with the ratios Ry =
B(B - Hutu )/B(B — Hete ), H = K,K*, X;,... [1]. With identical kinematic
cuts for muons and electrons, deviations from the universality limit Ry = 1 are induced by
electron-muon mass splitting only and are very small irrespective of hadronic uncertainties.

Interestingly, non-universality has recently been evidenced by LHCb Ryx = 0.846
TO-022 00 at 3.1 [2]. A similar suppression of muons versus electrons has been observed
in R+ at ~ 2 — 3 o [3]. Further deviations from the SM in global fits, e.g., recently [4—
6], which include data on angular distributions in B%* — K*%* %y~ decays, point
to semileptonic four-fermion operators (by, v, sr)(ji7*(75) it) as minimal, joint solution to
these tensions. Although such operators are induced abundantly by beyond the standard
model (BSM) physics, only few models bring in the requisite LU violation. This singles
out the importance of LU test observables such as Ry for model building, and demands
further scrutiny. FCNC quark processes into dineutrinos ¢’ — qv v are ideal candidate
modes to do so: firstly, they are subject to similar suppressions as ¢’ — ¢ ¢~ transitions.
Importantly, the flavor of neutrinos is experimentally untagged, therefore a measurement
of a dineutrino branching ratio involves an incoherent sum of neutrino flavors i, j = e, u, 7,
B(¢ — qvv) =3, ;B(¢" — qv; ;). This way, the dineutrino modes automatically include
contributions from lepton universality violation, or lepton flavor violation, allowing for tests
thereof [7].

In this work, we consider only left-handed (LH) neutrinos such as those in the SM;
we also discuss the impact of light right-handed (RH) neutrinos on our analysis, as well as
ways how to control them.

On the experimental side, dineutrino modes require a clean environment such as an
ete -facility to perform missing energy measurements. Presently only upper limits on
b — qvv branching ratios with ¢ = d, s from LEP [8, 9], Babar [10] and Belle [11, 12] exist.
The most stringent upper limits for B — K )y decay modes exist for K, K** and K*0,
and are a factor of two to five above the SM predictions. Belle II is expected to observe
all three decay modes with about 10ab™! (50ab™!) of data leading to an accuracy on the
branching ratio of 30 % (10 %), even if the NP contribution is subdominant compared to
the SM one. Recent Belle II efforts can be found in ref. [13].

Most of the current phenomenological studies for b — quvv decays rely on specific
extensions of the SM, see for instance refs. [14-27]. A key goal of this work is to exploit
the SU(2)r-link between charged dilepton and dineutrino couplings systematically within
the standard model effective field theory (SMEFT) framework [7], and to work out how
dineutrino branching ratios contribute to deciphering the present flavor anomalies.



This paper is organized as follows: the effective field theory (EFT) framework is in-
troduced in section 2, discussing both high and low energy EFT descriptions of rare B
decays into charged dileptons and dineutrinos, and their relation. In section 3 we present
differential branching ratios and SM branching ratios. Phenomenological implications are
presented in section 4: derived EFT limits on dineutrino branching ratios, bounds on dilep-
ton couplings using the current upper limits on dineutrino modes. Test of LU with b — qvv
decays are presented in section 5, including effects from light RH neutrinos. We conclude in
section 6. Further details on renormalization group equation (RGE) effects, the differential
branching ratios, form factors, global fits, and SM and NP benchmark dineutrino decay
distributions can be found in appendices A—E.

2 Effective theory framework

We give the weak effective theory framework for |Ab| = |Aq| =1, ¢ = d, s transitions into
dileptons and dineutrinos in section 2.1. The SMEFT set-up is given in section 2.2.

2.1 Weak effective theory

Below the electroweak scale, p < ugw, FCNC interactions between two quarks and two lep-
tons, with flavors «, 8 and 1, j, respectively, can be described by the following Hamiltonians

for dineutrinos
l/iljj o _4GF %

Paptj ~apij

and for charged leptons,

et 4GF ae P,gij i
P = (2T e N jelast) gaBil e 2.2
Hofr N5 4”214; k g+ Hc (2.2)

The superscript P = D (P = U) refers to the down-quark (up-quark) sector, i.e. Pyg = D13
(Uy2) represents b — d (¢ — w) transitions. The fine structure (Fermi’s) constant is
denoted by o, (Gr). The low-energy dynamics of these FCNC transitions are described
by dimension six operators Qgﬂ “ and Ogﬁ I In absence of light right-handed neutrinos,
eq. (2.1) contains contributions from two operators only,

(Z@% = (qg(R)'Yquﬁ(R)) (ﬂiy“yi) . (2.3)
The short-distance dynamics are encoded in the Wilson coefficients IC,I:M ¥ K,f%/f\j[j +

P P P P _ . Do sii
lej\?Fz,j and C;, aft — Ckfs‘fvz[j + ij“\?éj. In the SM the Wilson coefficients C; 7 are lepton-

flavor universal and can be written as

Dosis
Cran = VigVio X 0, (2.4)

with Xgn = — 258 — 12,64 4 0.15 [28, 29], where X (z;) is a loop function depending

sin? Oy

on x; = % [30, 31]. Here, m; (My ) denotes the top (W-boson) mass and 6y the weak



mixing angle. The uncertalnty of Xgn is dominated by the one of the top mass. Right-
handed quark FCNCs che R, SM are suppressed relative to C; “Sliv[] by light quark masses and
neglected in this work.

The semileptonic four-fermion operators in (2.2), which are relevant to the interplay

with dineutrinos, read
Bij _ (- 8 7iupi
O, = (@ maiem) (L) (25)
Their Wilson coefficients are related to the ones customary to, for instance, rare b-decay
studies, e.g., [5],

= (SLyubr) (Zj’Y”Ei) ,
Ol = Gube) (99°¢) (2.6)
057 = (srubr) (P40 '
O = (sryabr) (F45°1) |
" K = ViV (G — i) -

Kp®9 =V Vi (Cy? =€) s

with the CKM matrix V. Further contributions to b — ¢ (¢’ transitions arise from SU(2) -
singlet leptons, via C 6107 C/” + C'” and dipole operators. All of these are taken
into account in the global fits presented in section 5.1 with details given in appendix D,
however, do not matter when placing upper limits on flavorful couplings after matching
onto SMEFT. We also neglect (pseudo-)scalar and tensor operators except when considering
light RH neutrinos in section 5.4.

2.2 Standard model effective field theory

Assuming the scale of NP to be sufficiently separated from the electroweak scale, ppw <
Axp, allows to construct the SMEFT with the same dynamical matter fields (Higgs,
fermions) as the SM, consistent with SM gauge symmetry SU(3)c x SU(2), x U(1)y. This
framework is suitable to link different sectors in flavor physics. Here we connect dineutrino
and charged dilepton final states.

At leading order in SMEFT, FCNC ¢3 — qqa (¢; Ej, v; ;) transitions are governed by
semileptonic four-fermion operators

C;
Lsmerr D Lsm+ Y 2 Oc; , (2.8)
with ~ ~ B -
Océl) = QuQ LY'L , Oc¢,, = Uy, U LY"L
¢ _ _ _ _ (2.9)
Océs) = QWr'QLY'1mL, Oc¢,, = Dv,D Ly"'L,
q

and v = (V2@ F)_l/ 2 ~ 246 GeV. Here 7% are Pauli-matrices, while Q and L denote quark
and lepton SU(2)r-doublets and U(D) refer to up-singlet (down-singlet) quarks, where
we have suppressed quark and lepton flavor indices for brevity. Further dimension six



operators, notably penguins of type QWQ dT DM@, where ¢ denotes the Higgs and D* the
covariant derivative are subject to constraints [32, 33] and negligible for the purpose of this
work. Operators with charged lepton singlets E, such as Q’yuQ E~*E are not connected to
the dineutrino processes. Note, in weak effective theory they break the relation Cg = —Cjy,
see the discussion after (2.7). By construction, all Wilson coefficients in SMEFT are
induced by BSM physics.

Matching the SMEFT Lagrangian (2.8) onto eq. (2.1) and (2.2) in the gauge basis, one
finds in the down-sector,

2w 1 3 2
or = Qe (C’éq) B Céq)) . OF = Qe Cra (2.10)
2 1 2T ’
KD — (1) (3) KD _
L= (C + Cyy ) » K= Cua,

where analogous expressions for the up-sector are given in refs. [7, 34].! Interestingly, there
is a one-to-one map between the dineutrino and the dilepton Wilson coefficients for right-
handed quark currents, CF = KE. In contrast CP is not fixed in general by KP due to
the different relative signs between Cé;) and Cé;’), instead Cf =K g and CLU =K }? in the
gauge basis by SU(2), [7].

To express C’,? and K ,? in the mass basis, denoted by calligraphic C,? and IC,? , it is
necessary to perform a field rotation. Four different unitary rotations exist in the quark
sector, corresponding to the left-handed V,, 4 and right-handed ones U, 4, both for up- and
down-type quarks. In contrast, for leptons only two rotations are required, V; and V,,.
Employing the rotations, the Wilson coefficients in the mass basis read

c =vivicPv,v,, ¢k =viuichu,v,,

(2.11)
KP = v/ VIKPVVi, KR = VU KRU,V; .
With Cg = Kg, it follows that
cR =viuikRu,v, = wiKEw, (2.12)

where W = VJ V,, is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. For left-
handed quark currents holds C’LU =K LD and C’}? = Kg, hence

C; = WLk, w, (2.13)

with ;
— (VKU V) s,
a,B - (VICL Vv )045’

where V = VI V; is the CKM-matrix. Expanding eqs. (2.14) in the Wolfenstein parameter
A = 0.2, we obtain for b — s transitions

LY = kP + o0, (2.15)

n ref. [34], a factor (27)/c is erroneously missing on the right-hand-side of eq. (46); numerical results
are not affected.



and for b — d transitions:
L = ks o). (2.16)

Here we adopt these limits and neglect O(\) corrections in egs. (2.15) and (2.16). Note
that switching off mixing between the first two generations causes CKM-corrections to
be suppressed, at O(A\?) for LY, and O(A\3) for LY. In addition, we omit renormalization
group running effects generated when evolving Wilson coefficients from the NP scale Axp to
puew. These effects represent a correction of less than 5% for Axp ~ 10 TeV in eqs. (2.12)
and (2.13), see appendix A for details. For u < ugw, the vector operators given by egs. (2.3)
and (2.5) do not suffer from renormalization group effects since they are invariant under
QCD-evolution.

In the remainder of this work we employ the simpler notation for the NP couplings in
the mass basis

tcij _ 1~Uasij bsij _ 1-~Da23ij bsij _ HDa23ij
Ky? =Kexp, Ki® =Kpxp, C " =Cixp >
tutg Uisij bdij Di3ij bdij Di3ij (217)
Ky~ = ’Ck,NPv Ky~ = ICk,NP’ Cp = Ck,NP .
3 Dineutrino branching ratios
In this section we present a unified description of |Ab| = |Agq| = 1, ¢ = d, s dineutrino

modes in terms of Wilson coefficients as in (3.2). The impatient reader may jump to the
parameterization of differential branching ratios (3.1) with model-independent, decay mode
specific coefficients a.(¢?). Here, ¢* denotes the invariant mass-squared of the dineutrinos.
The ¢2-differential branching ratio is related to the final hadron’s energy E-distribution in
the B rest frame as dB/d ¢> = 1/(2mp)dB/dE. Integrated over the full ¢g>-regions one ob-
tains the coefficients Aqu (3.5), presented in table 1. The SM dineutrino branching ratios
are compiled in table 2. See the following for details on decay specifics, form factors and
backgrounds (3.7), (3.8), or go directly to the phenomenological implications in section 4.

The differential branching ratio of a B meson decaying into a hadronic state Fj, with
quark content ¢ = d, s and dineutrinos can be written as

dB(B — F,vv) BF, BF, _
i 1 =a, q(qQ)xZ; +a” q(qQ)qu, (3.1)

where only two combinations of Wilson coefficients enter

tiy = D |CoT+Cr £ CHI (3.2)
i3

where a = 1 for ¢ = d and o = 2 for ¢ = s. The ¢*>-dependence of ain for different decay
modes can be extracted from [23, 37, 39, 40], and is presented in appendix E. Information on
B — P and B — V form factors is provided via supplemented files in refs. [41, 42], further
details are provided in appendix C. The authors of refs. [41, 42] perform a fit including
information from light-cone sum rules (LCSRs) at low-¢? and lattice QCD for large-¢2,
with the exception of BY — K° and B — p. For the latter, we perform a fit combining
data from LCSR at low-¢? from ref. [41] and the available lattice QCD data from the



B F, APFa APTa

[107%] [1078]
BY — KO 516 + 68 0
Bt - Kt 558 4+ 74 0

BY — K*%  200+£29 888+ 108
Bt - K*+*  217+32 9614116
BY — ¢ 18449 1110 + 85
B — X, 1834 £193 1834 + 193
Bt — Xy 1978 £208 1978 + 208

BY — 70 154 4 16 0
Bt — xt 332+ 34 0
BY — p° 59 4+ 12 573 4 233
Bt — pt 126 +26 1236 + 502
BY — K° 383 4+ 74 0

BY — K*0 153 +£9 891 + 86
BY - X;  1840+£194 1840+ 194
Bt — X, 1985+209 1985 4209

Table 1. Coefficients AiF" for B — F, vy asin eq. (3.5). The uncertainties in exclusive transitions
come from form factors. The latter induce correlations between AEFQ and A" which have been
taken into account in the SM branching ratios table 2. The uncertainty of inclusive modes is
dominated by the b quark mass in the 1S scheme, m}® = 4.65 +0.03 GeV [35], in addition we have
included 10% of uncertainty to account for corrections of O(A?/m?) [23]. As neither LCSR nor

0 70
lattice results for BY — KU are available the values of A%K are obtained using B — K form
factor input, see main text.

SPQcdR [43] and UKQCD [44] collaborations, see appendix C.2 for details. The B — K
form factors are presently not available from LCSR, or lattice computations, and we follow
ref. [37] and use the BY — KV form factor together with an estimate of flavor breaking,

VBSK*O (q2)

BYKO, oy  ,BOKO, 9
I (a7) ( )VBOK*O(qQ)'

+ =J+ (3.3)
Plugging the SM coefficient eq. (2.4) into the master formula eq. (3.1) we obtain the SM dif-
ferential branching ratios with their uncertainties for the different modes, cf. black shaded
regions in figure 4 in appendix E.

Integrating the differential branching ratios given in eq. (3.1), one finds

B(B — Fyui) = A} af 4+ APFoay (3.4)



SM, SM, Exp. limit Derived Belle 11
B — F, this work literature (90% CL) EFT limits 5ab~! (50ab™!)
[1078] [10-8] [1076] [1076] %
B — K° 391 + 52 460 =+ 50 [36] 26 [11] 15 —
Bt - KT 423 + 56 460 4 50 [36] 16 [10] 162 30 (11) [36]
BY — K*0 824 + 99 960 =+ 90 [36] 18 [11] 182 26 (9.6) [36]
BT — K*+ 893 + 107 960 =+ 90 [36] 40 [12] 19 25 (9.3) [36]
BY — ¢ 981 + 69 1400 =+ 500 [37] 5400 [8] 23 —
B — X, (28 £3) - 102 (29 +3) - 10% [22] 640 [9] 78 —
BT — X, (30 £3) - 102 (29 +3) - 10% [22] 640 [9] 84 —
BY — 70 5.4+0.6 7.3 +£0.7 [38] 9 [11] 6 —
Bt — 7t 12+1 1441 [38] 14 [11] 14¢ —
BY — p° ces 20 £ 10 [37] 40 [11] 14 —
16 +2F
Bt — pt 18 1? 42 + 20 [37] 30 [11] 30¢ —
34447
BY — K° 13+3 27 4+ 16 [37] — 26 —
BY — K*0 36+3 — — 24 —
BY = X, (1.340.1)-10> (1.7 £0.5) - 102 [37] — 114 —
Bt - X; (1.4+0.1)-10> (1.7£0.5)-10? [37] — 123 —

Table 2. SM predictions for dineutrino modes (this work, second column) as well as SM predictions
available in the literature (third column). Current experimental limits at 90 % CL are displayed in
the fourth column. Derived EFT limits using egs. (4.1) and (4.2) are displayed in the fifth column,
while Belle IT sensitivities for 5ab™" (50ab™') from ref. [36] are displayed in the last column.
“Input. "Normalized to B(B — p/ Vp)exp, see appendix C.2 for details. Differences between our SM
predictions and the literature are due to updated CKM values and form factor improvements.

where ,
AL = / " dg (). (3.5)
9min
Here 2, = (mp — mp,)? for the exclusive modes and ¢2,, = (my — mq)? for inclusive
modes, while ¢2;, = 0 in all modes. mp, (mp) denotes the mass of the hadronic final
state (B meson). In table 1, we provide the central values of Ain with their symmetrized
uncertainties.

The values of AiF", for decays to pseudoscalars A" = 0 and for vectors Afv < ABV,
highlight the complementarity between the different decays modes as a result of Lorentz
invariance and parity conservation in the strong interactions.

Using the values of Ain in table 1, together with eqgs. (2.4), (3.2) and (3.4), and
\Vip Vis| = 0.0397, |Vip V5| = 0.0085 [35], we obtain the SM branching ratios. Central
values with their respective uncertainties from form factors are presented in the second



column of table 2. The third column of table 2 collects the SM branching ratios available
in the literature, which are in good agreement with our predictions, with differences due
to updated CKM values and improved results of form factors. The fourth column provides
the current experimental limits at 90 % CL, while the last column displays the available
Belle II sensitivities for 5ab™! (50ab™!) [36].

Resonant backgrounds in charged meson decays through 7-leptons, BY — 71 (—
F;‘ v;) vy lead to the same final state as the search channels BT — F,;r vv. The inter-
ference between the long- and short-distance contribution is negligible [45]. The resonant
branching ratios can be written as [38]

G%‘Vubviqpfé-%f?;

12872 m%, T+

X e (e — m2)m, —m2)?, (36)

B(B+ — Fq+ DTVT)LD =

where T'; g+ are the decay widths of the 7 and the BT-meson, while fp+ and fF; refer
to the decay constants of the BT and FqJr mesons, respectively. The branching ratio in
eq. (3.6) is suppressed with respect to the short-distance contribution by two additional
powers of G, however, since I'; ~ O(G%), this suppression is cancelled. In addition,
the long-distance contribution contains an enhancement with respect to the short-distance
contribution triggered by the large mass of 7, which yields

B(BY = K* v )1p ~5-1077, (3.7)

B(BT = 7t v )p ~8-107°,

in agreement with ref. [38]. In rare charm dineutrino modes the analogous 7-background
can be avoided by appropriate cuts [34], while in b — svv and b — dvv it is irreducible and
corresponds to an additional uncertainty of ~ 10% on the SM value in b — s vv. In contrast
for b — d vv the background yields branching ratios almost two orders of magnitude above
the SM expectation. Since only experimental upper limits exist, we consider the full-¢?
region for the short distance contribution but remark that 7-backgrounds will become
relevant if a future measurement in this type of modes becomes available.

4 Phenomenological implications

In this section, we study b — qvi transitions and their interplay with b — ¢¢7¢~ transi-
tions in the context of the EFT framework presented in section 2. Specifically, in section 4.1
we work out derived limits on dineutrino modes that follow from the strongest limits on
b — qvv transitions and the 2-parameter EFT framework (3.2), (3.4). In section 4.2 we
employ SMEFT to obtain constraints from dineutrino data on charged dilepton modes.
Implications depending on lepton flavor patterns are discussed. They turn out to be most
interesting for modes into taus. We present improved and new limits on b — ¢ 777~ tran-
sitions in section 4.3. The impact of lepton-specific b — ¢ £¢") data on dineutrino modes is
analyzed in the next section, section 5.



Data |/~€?4“Dw | ee ) TT ef et T
|kbdel| 210 210 210 210 210 210
Rare B decays to | s | [-197,223] [-197,223] [-197,223] 210 210 210
Dineutrinos |kt 35 35 35 32 32 32
whet? [—22,47] [—22,47] [—22,47] 32 32 32
Khgee ~ 10 [—4, 4] ~ 2500 ~20 ~280 ~ 200
Rare B decays to | x4 ~ 10 [-8,2] ~2500  ~20 ~280 ~ 200
Charged dileptons Khst? o(1) [0.2,0.8] ~ 800 ~2 ~50 ~60
rhstt! o(1) [~1.6,—1.1] ~ 800 ~2 ~50 ~60
Drell-Yan i 583 314 1122 260 800 866
|kt 331 178 637 142 486 529
t+ 0 K| [-196,243]  [—196,243] — — —

Table 3. Upper limits on bd, bs, tu, tc charged lepton couplings n%lq?w, The first row displays
results (4.9)—(4.12) from dineutrino modes worked out in section 4.2. The second row gives con-
straints from charged dilepton modes from this work, see section 4.2 and eqs. (5.1) and (5.2) for
the global b — quTp~ fit results. The last two rows display upper limits extracted from high-
pr data, that is, Drell-Yan processes [46, 47], and top quark production plus leptons (admixture
of electrons and muons) [48]. The LFV-bounds from Drell-Yan are quoted as charge-averaged,
VIEETET 12 4 [k€ 072 /y/2, whereas the other bounds are for a single coupling.

4.1 Derived EFT limits

The different sensitivities to Wilson coefficients in xlij in the modes B — Pvv, B —

Vvw, and B — X,vv decays can be exploited via eq. (3.4), together with the current

experimental limits of B — F, vy decays provided in table 2. We extract the following

+

bounds on T

zf, $2.9, z,,+02z <20, (4.1)
from B* — K+ vw and B — K*0vp, while limits on zf; are fixed by BY — 7+ v and
BT — ptup,

ah, $4.2, m, 401z, <24, (4.2)
which are of the same order but weaker than (4.1). We derive indirect limits on branching
ratios of other dineutrino modes that hold within our EFT framework. The limits obtained

in this way are displayed in the fifth column of table 2. A violation of these limits would be a
sign of NP carried by missing information in the EFT description, i.e., light BSM particles.

4.2 Charged dilepton couplings bounded by dineutrino modes

The SU(2)-links provided by egs. (2.12) and (2.13) allows us to connect flavor-summed
branching ratios of dineutrino modes with Wilson coefficients of dilepton transitions. This
idea was presented in ref. [7], and phenomenologically studied for ¢ — wvv transitions in

~10 -



ref. [34]. Applying this link to b — ¢ vv transitions, the quantities wlij read

+ Do3ij teig bsij|2
Ty = Z ICr s + K57 £ KRV|°,

£ J D] | ctuij | jebdij|2 (4.3)
xbd_Z|L,SM+ L 2
Z7j

where the sum runs over charged lepton flavors i, j = e, u, 7. In the following we employ
baii baii 1
“Lq,zzgz = ,CLq,ZI% ) (V;fthZ) )
wih = KLh (Vi) ™ (4.4)
Rk =Kig - (VaVig) ™
where the dependence of the CKM matrix elements has been factorized for better compar-
ison of b — s and b — d transitions.
Using eqs. (4.1) and (4.2), one obtains?
3 [ Xsn 8 + #4715 < 1.8 -10%,
i?j
. . (4.5)
3 | Xt 035 + K7 — k592 < 1.3 10°,
i,J
for b — svv transitions, and
3 [ Xem 03 + w59 4+ k9P < 5.8 10,
i’j
3 [ Xew i + w57 — k9P < 3.3 10,
1:7j

(4.6)

for b — dvv transitions.

Egs. (4.5) and (4.6) allow to set bounds on HtLCij , /itL“ij and Hl;gij depending on lepton
flavor. We first discuss lepton universality, followed by charged Lepton Flavor Conservation
(cLFC) and then the general case.

If LU holds, that is, /1?41‘12’7 o d;j, the double-sums in eqs. (4.5) and (4.6) collapse to

an overall factor of 3. Assuming real-valued couplings /13‘1”“ € R one obtains
KB <23, —10 S K <85, (4.7)
and
k5% <122, —109 < KM < 134, (4.8)

for b — s and b — d transitions, respectively.

If cLFC holds, the double-sums in egs. (4.5) and (4.6) only run over diagonal charged
lepton flavor indices. Resulting bounds are weaker than the LU ones in egs. (4.7) and (4.8),
since we only consider one of the BSM couplings entering the sums at a time, whereas the

%Since mi > 0, we conservatively considered z,, + 0.1(0.2) I;:I as x,, in egs. (4.1) and (4.2) to obtain
egs. (4.5) and (4.6).
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Xgym term contributes for each generation: 2 |X5M]2 + | Xsm + ki + nlﬁa|2 < 1.8-103 for
the example of the first equation of (4.5). Assuming real-valued couplings, we obtain

5 <85, —22 SR AT, (4.9)

and
KB < 210, —197 < KU < 223, (4.10)

for b — s and b — d transitions, respectively.

In general also lepton flavor violating (LFV) couplings /@?41‘72”/ with ¢ # ¢/, that is
W = eu, ut, er and permutations, appear. We consider one LFV-coupling at a time,
without SM-interference, which gives the constraint 3 |XSM|2 + |th££’ + filﬁwf <1.8-10°
for the example of the first equation of (4.5). We obtain

65 <82, i) < 32, (4.11)

and
Y < 210, MY S 210, (4.12)

for b — s and b — d transitions, respectively. Constraints on the lepton flavor diagonal
couplings as in (4.9), (4.10) continue to hold in the general case.

In table 3 we compile the limits presented in (4.9)—(4.12) from dineutrino data, together
with limits from decays to dileptons, using Drell-Yan [46, 47],% and top quark production
plus lepton [48] data.

The limits on b-FCNCs with dimuons, nlg’é" and /ilf”;{‘ , are the strongest. They have
been extracted from global fits to b — qu ™~ data, presented in section 5.1.

We work out bounds on all other couplings /ilfw, A = L,R, from (semi)leptonic
rare B-decays using flavio [49], assuming one coupling at a time, |Cy| = |C19| = K1 /2 or
IC{| = |Clol = KRr/2, see eq. (2.7). The strongest non-pp limits stem from the current
experimental upper bounds on the branching ratios of BT — rtete™, B — 7777, BY —
17, B —» KWp*e¥, BT = ntpte™, BT — KtrteT, BO — 7%e¥, BY - y*7F and
BY — 7%, given in ref. [35]. For bsee couplings, we note that, while in principle doable,
a global b — sete™ fit is beyond the scope of this work.

For b — d transitions, we observe that dineutrino constraints are by a factor of 1.3
and 12 stronger than limits from charged dilepton modes into er and 77, respectively. For
b — s transitions, constraints from dineutrinos modes improve limits from charged dilepton
data by a factor of 2, 2 and 23 in er, ur and 77 final states, respectively.
bstl!
R

In addition, table 3 shows that dineutrino bounds on & couplings are a factor 4 or

more stronger (depending on the coupling) than Drell-Yan data. For /Q%WI, our limits on
0 = pp, ep couplings are slightly better than Drell-Yan data, while for the rest our limits
are a factor 3 stronger or more, again depending on the coupling.

We also obtain constraints from dineutrino modes on left-handed couplings with top-

quarks on ¢ — w and ¢ — ¢ FCNCs. We compare them to the constraints from a recent

3In previous works [7, 34], the LF'V bounds on |He+z'— |, £ # ¢, are not normalized by 1/4/2, i.e. presented
flavor-summed and not averaged.
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LHC analysis with tops and dielectrons and dimuons by the CMS experiment [48]. We

tell

find that the limits from dineutrino modes on k7", ¢ = e, pu are stronger than the ones

with ditops by roughly a factor 5, whereas the ones on ntL“M

are comparable. Assuming a
top-philic flavor pattern the ditop coupling induces FCNC ones (in the down mass basis),
g., [50], ki ~ K (V Vi) and w1 ~ 1. (Vi V). Under these assumptions we

obtain the bounds &/ ~ [~8,10], & t“”

~ [—2,2], stronger than the dineutrino ones. On
the other hand, the constraints from dineutrino data are available and of similar size for

all lepton flavors ¢¢', whereas the collider limits from [48] are limited to ee and .

4.3 Improved limits on b — ¢ 777~ decays

In the previous section, we have shown that dineutrino data establish the most stringent
bounds on ﬁlg” couplings, followed by the Drell-Yan data where also /-{lz qarT is constrained.
Using the complementarity between both approaches, that is, bounds on K L " from Drell-
Yan data, and bounds on /ﬁ?g” from dineutrino data, this allows us to improve the current
experimental upper limits on branching ratios of b — ¢77~ decays [35, 51] at 95% CL

<90% CL fOI' B+ — K+T+T7 and BO — K*OT‘FT*)

B(BY = 777 )exp < 2.1 x 1073,

B(BY = 777 )exp < 6.8 x 1073, (4.13)

B(B* — K*r +T Joxp < 2.25 x 1073, '
)

B(B® = K*7TT7 )exp < 20 x 1073

or even obtain novel ones.

Our indirect limits on branching ratios of b — ¢ 777~ decays are obtained using the

limits on /-ﬁl;%qTT given by egs. (4.9) and (4.10), while limits on K,quTT from Drell-Yan data

from table 3. Using flavio [49], neglecting effects from scalar and tensor operators, and
considering two couplings at a time with kz ~2Co ~ 2Cyo and kp ~ 2C§ ~ 2C10, we find
the following upper limits for b — s 777~ transitions

B(Bs — m777) <5.0-1073,

B(B® - K7t )52 < 78.1074,
B(Bt — K+ rT77)1520 <g4.1071,
B(B® — K* )10 < 74,1074,
B(Bt — K* )19 < g 1. 107,
B(Bs — ¢rtr )15 188 < 68.1074.

(4.14)

4We avoided the possibility of large cancellations by varying signs in eqs. (4.9) and (4.10).
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These are well above their respective SM predictions

B(Bs, — 777 )sm = (7.78 £ 0.31) - 1077,
B(B® — Ko7+ )% = (117 +0.12) - 1077,

BBt — Ktrtr )52 = (1.26 £ 0.14) - 1077, w15)
4.15
B(B® — K*Or )81 — (0.97 +£0.10) - 1077,

BBt — K*tr )51 = (1,05 £0.11) - 1077,

B(Bs — 77 )E5 158 = (0.90 £0.07) - 1077,
consistent with [52], where the superscript indicates the ¢-range in GeV? for the dilepton
invariant mass squared. The broad bins above 15 GeV? remove the v(2S) resonance and
support the use of the operator product expansion in 1/Q,Q = (my, v/¢2) [53].
Following the same procedure for b — d 777~ transitions, we obtain the upper limits
BB = r777)<6.0-1074
B(B® — 7771522 < 95.107° (4.16)
B(Bt — ntrtr 15220 < 53. 10_5 ,
several orders above their respective SM predictions
B(B® — 7777 )sm = (2.39+0.24) - 1078,
B(B® — 7077 )85 = (0.20 +0.02) - 1078, (4.17)
BBt — xtrtr )5 = (044 +0.05) - 1078

Belle IT with 5ab™! (50ab™!) is expected to place following (projected) upper limits
on the branching ratios [36]

B(Bs — 777 )proj < 8.1(—) - 1077,
B(BT — Kt 7577 ) o < 6.5(2.0) - 1077, (4.18)
B(B® — 777 )proj < 30(9.6) - 1077,

which cover the regions (4.14), (4.16). We stress that the latter are based on the general
bounds given by egs. (4.9) and (4.10), and allow to constrain models of new physics.

5 Testing universality with b — quvv

In the previous sections we have exploited the SU(2)r-link, given by egs. (2.12) and (2.13),
using the current experimental upper limits on dineutrino branching ratios from table 2

bsed! bded! Since

to extract bounds on flavor specific charged dilepton couplings, ~3* and k7
this link is bidirectional, we can also explore the implications of charged dilepton data on
dineutrino modes. To do so we use global fits to dimuon data as the strongest available
bounds. The numerical results of the |Ab] = |As| = 1 and |Ab| = |Ad| = 1 fits have been

already presented in table 3.
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Figure 1. Global fits to rare B-decay data on |Ab| = |As| =1 (left panel) and on |Ab| = |Ad] =1

transitions (right panel). Left plot: an“ B bs” " plane with its best fit values (red point), and the

1, 2, and 30 contours (red shaded areas) 1 o contours for different sets of observables are shown
in blue for (Fy), green for (d B/dq?), orange for (P;), and yellow for (App). Red dashed contours
show the impact of Ry (., data, when included in the global fit. Right plot: 1, 2, and 3 o fit contours
(red shaded areas) in the ﬁbd” bl plane and their best fit values (red point). The impact of
BBt — 7t utp~) and B(Bg K*O pT 1) can be read off from their 1o contours, orange and
celeste, respectively. The B® — pu~ limit is included in the global fit, but of smaller impact (grey
area, which fills the whole plot region). The |Ab| = |Ad| = 1 fit results are adapted from [54].

5.1 Global fits
5.1.1 |Ab| =]As|=1

Using the available experimental information on b — spu™p~ data (excluding Ry(v)), we
perform a global fit with flavio [49] of the semileptonic Wilson coefficients (3((7)9 10),,- Results
are given 1n table 9. The six-dimensional fit yields the following 1 ¢ fit values for the NP
coupling HL S see also (2.7),

b
LSH:LL = Cgu — Clo7u = —145 + 029,

bsw ) (5.1)
= Cg H 10,1 - 046 j: 026 .

Eq. (5.1) exhibits a clear tension between b — sutu~ data and the SM, which can be
described by a pull from the SM, pullgy;, in units of standard deviations o. This fit gives
pullgy; = 4.6 0, with a goodness of fit x2/dof = 0.91.

In the left plot of figure 1 we show the 1, 2, and 3¢ fit contours (red shaded areas)

in the /{bS“ H_ bs“ H

plane and its best fit values (red point). The 10 regions for different
sets of observables are shown in blue for (Fr), green for (d B/dq?), orange for (P;), and
yellow for (Apg). Red dashed lines show the impact of Ry (.) data when included in the
global fit. The bounds provided by eq. (5.1) are a factor 20 stronger than the universality
limit extracted from dineutrino data (4.7). Further information and additional global fits
including R () data can be found in appendix D.

The reason for keeping the universality ratios Ry () out of the global fit is that they can

be affected by NP in muon, but also in electron couplings. While presently the consistency
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of the fits gives no reason to include electron effects, they cannot be excluded and need to
be studied with electron-specific measurements and fits.

5.1.2 |Ab| = |Ad| =1

In b — duTp~ transitions, information from global fits is currently only available in
refs. [38, 55, 56], and is mainly based on the current experimental information on B* —
7T uTp~. However, further information can be obtained from the recent update on
B(B® — ptu~) = (0.56 +0.7) - 10719 [57] at 95% CL, where the quoted value includes the
recent result from LHCb [58, 59], in addition to the first evidence for B(BY — K*Outp~) =
(2.94+1.1) - 1078 [60].

We employ results of ref. [54] on a four-dimensional fit to the aforementioned modes and

data from B* — 77 utu~ to obtain constraints on /ﬁid“

# and /il;g“ # . The main difference
with the results in b — s is that in b — d we obtain two solutions for the four-dimensional

fit,% in this work we consider the solution with the smallest x?/dof = 0.28 that gives

g — 345,

(5.2)
Kot = 0+4,

with pullgy; = 1.920. Eq. (5.2) is a factor 40 stronger than the limit in eq. (4.8). In the
right plot of figure 1 we display the 1, 2, and 3¢ fit contours (red shaded areas) in the
RO blane and its best fit values (red point). The impact of B(BT — xt utpu™)
and B(B? — K*° y*;~) in the global fit can be read off from its 1o contours, orange and
celeste, respectively. The B® — ptp~ limit is presently of lesser importance (grey area,
which covers the whole plot region).

Future measurements of b — d p*p~ modes are necessary to improve the fit and
exclude one of the possible two solutions. For details of the b — d u™ ™~ global fit we refer

to ref. [54].

5.2 Universality tests with b — quviv, q = d, s
Particularizing eq. (3.4) to the LU limit via eq. (4.3), the branching ratios for B — V vv
and B — Pvv decays assuming lepton universality are obtained as

B(B— Vui)y = AYV af o+ APV a4y 1y,

B(B — Pvi)y = AP T LU (5.3)
respectively, with

f oy =3 ‘thvt;f (X + i £ /11;5“)2 , (5.4)

with ¢ = u, (¢) for ¢ = d, (s), respectively. Solving B(B — P vv)Ly given by eq. (5.3), we
find two solutions

B(B — PVI?)LU
5 .
3 |V AP

R = Xy — k59 £ (5.5)

®In contrast to the b — s u ™ global fit, for b — d u" i~ we do not consider contributions from dipole
couplings Cél).
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One may plug eq. (5.5) into eq. (5.3) which yields a correlation between two branching
ratios assuming LU,

ABV
B(B— Vo)L = W B(B — Pvv)Ly (5.6)

2

B(B — PVI?)LU
2
3 [VioViy| ABP

bqtl
2/<;R

2
+ 3ABV ‘VZthZ

Information on Ai is provided in table 1, and the most stringent limits on /@I;gu are given

for 00 = ppu by eqs. (5.1) and (5.2). Performing a Taylor expansion up to O(k5"") we
observe that eq. (5.6) results in

B(B— Vub)y  ABV 4+ ABY

B(B— Puvi)y  ADP (5.7)

BV
A bapp

‘\/BPBB—)PI/I/) &

+ 4\/§ ’V;fbv;fq

)

where for B(B — Pvi)ruy 2 O(107%) (SM-like or larger) and £57" < O(1) (as in egs. (5.1)
and (5.2)), the first term in (5.7) becomes an excellent approximation for the ratio of
branching fractions into vectors and pseudoscalars given that universality holds. Impor-
tantly, it is otherwise independent of new physics with uncertainties fully dominated by
form factor ones. In the subsequent analysis we use the full expression.

In the upper (lower) left plot of figure 2, we display the correlation between B(B°? —
K*0up) and B(Bt — Ktvi) (B(B® — K%0)) using eq. (5.6), where the value of x5 is
given by eq. (5.1). Scanning KZE” " and the form factors within their 1o regions, we obtain
the dark red region which represents the LU region. The dashed red lines indicate the 2o
contour. Two measurements of branching ratios outside this region will represent a violation
of LU, while a measurement inside this region does not necessarily imply LU conservation.
The SM predictions from table 2 are depicted as a blue diamond with their uncertainties
(blue bars). The light green region represents the validity of our EFT framework, previously
given by eqs. (4.1) and (4.2). The hatched bands correspond to current experimental 90 %
CL upper limits in table 2. The gray bands represent our derived EFT limits from table 2
A measurement between gray and hatched area would infer a clear hint for BSM physics
not covered by our EFT framework. The widths of the yellow boxes illustrate the projected
experimental sensitivity (10 % at the chosen point) of Belle IT with 50ab™!.

Interestingly, we observe that a measurement of B® — K° v in the range of ~ (13 —
15) - 107% would represent a clear sign of LU violation, independent of B® — K*9vw,
Similar conclusions can be inferred for other modes, again looking at the B(B — V vv)—
B(B — Pvv) plane, as can be observed in figure 4.

Correlations between b — d vv decays are shown in the right plots of figure 2. Here, we
project the B(BY — p'vi) -B(BT — 7T vi) plane (upper right plot) and the B(B° — p'vir)
~B(B® — %) plane (lower right plot) using the 1o fitted values of x Ig xp according to
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Figure 2. The figure is split into a left panel for b — s and a right panel for b — d transitions.
Upper left: B(BY — K*¥vi) versus B(BY — K*vi). SM predictions (blue diamond) with their
uncertainties (blue bars) from table 2, where we have included the resonant 7-background in the
charged mode as an additional uncertainty (cf. section 3).The region to the left of the solid blue
line is governed by pure resonant contributions (3.7), (3.8). Dark red region (dashed red lines)
represent the LU region given by eq. (5.6) where mlﬁ“" and AL have been scanned within their 1o
(2 0) uncertainties. The light green region represents the validity of our EFT framework, egs. (4.1)
and (4.2). Assuming eq. (5.8), we provide specific LU BSM benchmarks, which result in best fit
values (markers) and 1o regions (ellipses) for Z’ (red star), LQ representations S3 (pink pentagon)
and V3 (celeste triangle) from b — spu™pu~ global fits. Hatched gray bands correspond to current
experimental 90% CL upper limits in table 2. The widths of the yellow boxes illustrate the projected
experimental sensitivity of Belle IT with 50 ab™ " in table 2. Lower left: similar to upper left plot, but
for B(B® — K*vv) versus B(B® — K°vi). Upper right: B(B® — pPvi) versus B(BT — mTuvb)
with labeling similar to upper left plot. The plot includes a zoom into the region around the SM
expectation. The 7-background (solid blue line) is not included as an uncertainty in B* — 7t vi
as it dominates the SM prediction by two orders of magnitude. Lower right: similar to upper right
plot but for B(B® — p°vir) versus B(B® — 7% vv).

~ 18 —



model | (SU(3)¢,SU(2).,Y) | a v /{ZSW /@lgw /{l}ddw n%w CcE
7' (1,1,0) 0 1| —-1.45+0.29 0.46+0.26 —-3+5 0+4|#0
S 3,3,—1 L 9 0
’ ( 3) 50 ~1.3640.32 0 06404 0

Table 4. Values for o and « (5.8) for different BSM tree-level mediators [61]. In the second
column the representation of the corresponding mediator under the SM gauge group is shown.
The values of mis(‘j%“) within 1o uncertainties are from b — s u™p~ global fit results, see appendix D

for details, whereas the /{lzd’é“ values are provided by a fit of b — du*u~ observables, see main
text and ref. [54] for details. The last column displays which dineutrino Wilson coefficient is not
generated by the model.

eq. (5.2). For the plots we use the B — p form factors fitted to LCSR and lattice data, see
appendix C.2.

Using information on ee, pp and 77 couplings, a test of cLFC would also be possible,
following a similar procedure as in the LU case (5.6). However, scanning ee, uu and 77
couplings within its allowed ranges provided by table 3, we observe that the current limits
on 77 couplings are so weak that the resulting range covers the whole green region in
figure 2. Note that in the region to the left of the solid blue lines sensitivity to NP is lost
as these correspond to branching ratios of a B* annihilating via 77v — PTww (3.7), (3.8).
The lower plots which show correlations between neutral B-decays, on the other hand, are
not affected.

5.3 BSM tree-level mediators

In this section we explore the implications of specific BSM extensions with the following

(1)

generic alignment C’ég) =« CZ; , and therefore

_1—i—a
Cl-a

KP =~CP = (1+a) (iﬂ) ), (5.8)
e

Eq. (5.8) allows us to predict all LU branching ratios using only information from
b — sptp~ and b — duTpu~ global fit results, at the price of giving up the model-
independent framework analyzed in the previous section.

The BSM extensions listed in table 4 generate non-zero Wilson coefficients K LD and
CP allowing to connect dineutrino modes to charged dilepton data as in eq. (5.8), e.g., [61].

The third column of table 4 displays the values of a and ~ for different BSM models
as defined in eq. (5.8). The fourth and fifth columns provide the central values with their
10 uncertainties (including correlations) of /@l}f“ # and /{?55“ # extracted from b — sputpu~
and b — d u™p~ global fit results, respectively. For Z’' models, we use the corresponding
6-dimensional results in (5.1), while for the leptoquark representations, where Cr = 0, we
employ results from a 1-dimensional fit assuming Cy , = —Cy( ,- Further details on these
global fits can be found in appendix D. Using eqs. (3.4), (4.3), and (5.8) together with the
values of table 4, we obtain LU BSM 1 ¢ best fit branching ratio predictions that are listed

L

in table 5, where correlations between /ilf H and n?“ " have been included.
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LU max LU benchmark
B(B — F,vv) A S3 V3
[107°) [10°) [1079] [107°]

B - K° 8.5 4.5+0.6 43405 5.8+ 0.7
Bt 5> K+ 9.2 4.940.8 4.740.8 6.2+0.9
BY — K0 182 10.7+1.1 9.24+1.0 122+14
Bt —» K** 19 11.6 +£1.2 994+1.1 132+1.5

BO — 70 3.9 0.09 +0.04 0.057 +0.006 0.065 =+ 0.010
Bt - gt 8.3 0.19+£0.09 0.126 +0.011 0.144 4 0.020

BY — 0 14 04404 0234£0.08 0.2740.09

Bt — pt 302 0.84+0.8 0504+0.18 0.5840.19

Table 5. Maximally allowed lepton universal branching ratio by the LU limits (4.7), (4.8) as well
as predictions in a Z’ model as well as two leptoquark representations, S3 and V3, for selected b — s
and b — d modes. “Input.

Figure 2 shows the best fit branching ratio predictions for the three tree-level mediator
benchmarks (markers) with their 1o uncertainties (ellipses) derived from table 4.

For the computation of the ellipses (and similar for the LU region) we separate the
branching ratio contributions into those coming only from the SM, new physics and their
interference terms. The error propagation is then handled by taking only the central
values of Ain for the pure NP contribution, whereas the SM contribution is given in
table 2 and includes correlations between the Ain factors. To avoid doubling counting of
uncertainties in the interference terms, we scale A ~ A" . Aunc where A" and AY:¢
refer to the central value and the value including uncertainties of the corresponding Ain,
respectively. Therefore, form factor uncertainties are only included once per term.

Figure 2 shows that future data from Belle II on dineutrino modes combined with
the new test presented in this work allows to probe and potentially exclude concrete new
physics models, such as leptoquarks S3, V3 and flavorful Z’-extensions that play a role in
explaining the b — s¢™¢~-anomalies.

5.4 Including light right-handed neutrinos

Light RH neutrinos induce additional dimension six dineutrino operators in eq. (2.1), such
as (pseudo-) scalar, (axial-) vector and (pseudo-)tensor operators. These operators can
spoil the model-independent results presented in the previous sections. In this section we
study their impact considering scalar and pseudoscalar contributions from RH neutrinos
triggered by the following operators

QP = @R (¥ (v5) V'),

e (5.9)
QS = (@kal) (7 (%) 1)
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It is convenient to define the following combination of Wilson coefficients
Da Z] /Daﬁij 2 DQBZ] /Daﬁij 2
YD :Z(\Cs g P (R — | ) (5.10)
i7j
This particular combination enters the branching ratio of B — v decays,

2 2. 5 2
Gya:mp [5TB
647r3ml2)

B(B® — vo) = YDos » (5.11)

where contributions from vector and axial-vector operators are helicity suppressed by two
powers of the neutrino mass, and negligible. 7p refers to the lifetime of the B-meson.
Tensor operators do not contribute to B — v decays.

Therefore, only scalar and pseudoscalar operators as in yp,_, are constrained by BY —
vi. The mode B — viv is experimentally constrained as [35]

B(B*—wvp) <24.107° (5.12)

exp

at 90 % CL, while BY — v remains currently unconstrained and only projections for Belle
with 0.12ab™! (Belle IT with 0.5ab~1) exist [36],

B(BY—wvp) <9.7(11)-107°, (5.13)
proj
From eq. (5.10) and (5.12) we obtain the limit

YDy S 0.3, (5.14)
while for b — s transitions we use the projected limits given by eq. (5.13), which yields

Yy, < 0.79(0.09) . (5.15)

When considering either Cg g=0or Cgfs = 0 to avoid cancellations between the two,
the branching ratio of B — P vi decays which, unlike B — v, depends on the sum of
Cpg and CZ’JS, can be written as

B(B — Puvi)sp = AP  yp, 4, (5.16)
with ,
qmax
AR = [ dgtaf " (), (5.17)
qmin
and
1
BP/ 2 _TBG%QQ)‘(m%7m%qu2)2 7 2 2\2 / ¢BP [ 2\\2
) = b % o (b =B PTG

where ¢2;, and ¢2,,, denote the kinematic limits of B — P v, see section 3. For further
clarifications of cp, A we refer to appendix B.
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We provide the impact exemplarily on B — P v decays since there is no specific
enhancement or suppression in semileptonic decays for S, P-operators. We obtain the
following upper limits based on (5.14), and projected limits from (5.15), respectively, as

B(B* — x0+ ”’7)51» <1.2-1077,

)

B(B®— K" ya)‘;rjj <11.4(1.3)-1077, (5.19)

B(B* — K+ 1/9)?2 <12.3(1.4)-1077.

Comparing to the SM predictions in table 2 we learn that (pseudo-)scalar contributions in
b — d transitions can amount to an O(100%) correction. An improved experimental limit
of B(BY — vv) at the level of ~ 5-10~" or smaller would suffice to bring the correction
to the SM at the percent-level. The projected reach in the decay Bs — vv from eq. (5.13)
constrains S, P- contributions to b — s transitions to be less than a O(30%) (Belle with
0.12ab™1), and a O(3%) (Belle II with 0.5ab~!) correction to the SM branching ratios. In
the latter case, (pseudo-)scalar contributions would not be observable in b — s dineutrino
modes such as B — K vv within uncertainties.

6 Conclusions

We present a comprehensive, global analysis of FCNC b-dineutrino modes, and the interplay
with charged dilepton b — ¢#T¢~ transitions. The study is timely for several reasons:
i) Belle 1II is expected to improve knowledge on several dineutrino modes in the nearer
future [36]. 4i) Information on semileptonic 4-fermion operators is improving from rare
decay studies at flavor factories LHCb and Belle II, as well as Drell-Yan studies at the
LHC. 4i) Correlations and synergies across sectors provide a useful and informative path in
the present situation without direct observations of BSM physics at colliders, in particular
given the hints for new physics in rare B-decays, aka the B-anomalies, see [50] for a recent
study connecting top and beauty observables in SMEFT. 4v) The first evidence for electron-
muon universality violation by LHCb [2] makes further analyses and cross checks of this
phenomenon vital. In particular, dineutrino studies can provide independent tests of lepton
universality, as has been pointed out recently [7, 34], and shed light on the hints for lepton
non-universality.

The main results of this study are the following: first, exploiting correlations within the
weak effective theory we derive improved or even entirely new limits on dineutrino branch-
ing ratios presented in table 2, including inclusive and exclusive decays B — (K, X,) vi,
By — ¢viand BY — (7%, p%) vir. These follow from upper limits on Wilson coefficients im-
posed by those dineutrino modes which presently are best constrained: B™ — KT v and
BY - K*viin b — s FCNCs and BY — (7t p") v for b — d ones. Any improvement
on these modes, which is expected from Belle 11, impacts upper limits on the other modes.

Secondly, using SMEFT we obtain new flavor constraints from the dineutrino modes,
which are stronger than the corresponding ones from charged dilepton rare b-decay or Drell-
Yan data, for er and 77 final states, as well as for p7 ones in b — s processes, see table 3.
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Improved upper limits on branching ratios of b — s777~ and b — d 777~ transitions are
obtained in eqgs. (4.14), (4.16). Even stronger constraints are obtained in simplified BSM
frameworks such as leptoquarks and Z’-models, see table 5. Interestingly, also constraints
on left-handed couplings for top quarks with charm or up and leptons, tcf¢’ and tull’, are
obtained. These are quite unique, as top-couplings cannot be obtained from Drell-Yan
production. The tcff bounds are stronger than existing limits on left-handed couplings
with ditops and dielectrons/dimuons [48], while our tufl ones are comparable. We also
stress that dineutrino data constrains all dilepton final states, including LFV ones.

Furthermore, we also perform a global fit to the semileptonic Wilson coefficients for
|Ab| = |As| = 1 transitions, shown in figure 1 (left panel) and employ findings from a fit to
|Ab| = |Ad| = 1 transitions [54] (right panel). This enables a relation between B — vector
and B — pseudoscalar dineutrinos branching ratios, displayed in figure 2, that allows to
test lepton universality. This is a key result of this work. For b — s transitions we identify
the 1o (20) regions,

B(B® — K*uu)
B(BY — KOvp)
B(B® — K*uu)
B(B+ — K+vb)

=17...2.6 (1.3. . .2.9),
(6.1)

=16...24 (1.2...27),

shown as red cones. Outside of them lepton flavor universality is broken.

Corresponding ranges for b — d transitions have larger uncertainties due to B — p
form factors. We thus quote 1o (20) results based on a fit and in addition using B — p v
data (“norm”) assuming the latter to be SM-dominated, see appendix C.2 for details, as

B(B° — povi)
B(BY — mOvr)
B(B° — povi)
B(Bt — ntuvw)

B(B° — p°vi)) lnorm
B(BY — mOur)
B(B° - p°vi)) lnorm
B(BT — ntvw)

=25...5.7 (1.0...7.3),

=26...33 (24...34),

=12...26 (0.4...3.4), =12...15 (1.1...1.6),

(6.2)

Outside of them lepton universality is broken.

Both b — s and b — d universality tests with dineutrino modes can be sharpened by
improving constraints on semi-muonic four-fermion operators. In addition, improving the
knowledge on form factors, in particular B — p ones, would be desirable. We also remark
that light right-handed neutrinos, which are outside of our framework, could be controlled
by bounding B(Bs — vi) at the level of Belle II sensitivities, ~ 107°. An improvement
of the present limit on B(B? — v’) by a factor ~ 50 would exclude such contributions to
b — d branching ratios at the few percent level.

We look forward to more global analyses of dineutrino and charged dilepton modes
together to fully exploit flavorful synergies.

Note added. While we were finishing this paper, a preprint [62] appeared in which also
correlations between dineutrino branching ratios and Bs; — 77 decays in Z’ and Leptoquark
models are discussed.
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A RGE effects from Anp to pgw

In this appendix we explore effects from the renormalization group equation (RGE) on
egs. (2.11). These corrections can be accounted by the following Hamiltonian

Heg = HO + oM, (A1)

where H(0) = Hgf_f” +HUYY represents the leading order contribution, see egs. (2.2) and (2.1).
Their Wilson coefficients in the mass basis read

27
€=Mt (32) (0 +% ).

afyA afyA

(C“} ) )
A i (A.2)

0 v, L (2
(C[L/));Ear?st = /\'yztk /\Zprﬁ (

UNO)  _ \Uu Vo

(CR )pTSt - )\’yst)\ Aaprﬁ (ae) Cag'uy)\ )
DVO)  _ \Us v, (27

(CR )prst - )\'yst)\ Aaprﬂ (ae) CQE?I/)\ )

for dineutrino modes, while

0 Vu Vi
(Kg)z(w?st = )"yst)\ )\a;)'rﬁ

2
(KDY = Ve AV (”) c) +c )

prst ystA “aprf

Qe aByA aByA (AS)
UNO)  _ \Uu Vi 2m
(ICR)prst - )\'yst)\ )\aﬁarﬂ <ae> Cﬂé?f/)\ s
D\O) _ \Us Vi 27
(’CR)prst - Aygt)\ )\aﬁ)rﬂ <Oée> Ca/é%,\ s

for charged leptons, where /\,)ygt/\ = (X)i,s Xty . In contrast to egs. (2.13) and (2.12), we
keep the flavor indices in egs. (A.2) and (A.3).

The piece H accounts for RGE corrections from gauge [63], Yukawa [64], and QED [65]
coupling dependencies. These corrections contain the same operator basis as H(?), therefore
these effects can be parametrized as

_oo (2 L

where L = log(Anxp/uew) and C; is a Wilson coefficient, i.e. Cg, Cf, etc.. The values of
¢, contain non-trivial combinations of Wilson coefficients C;, with j not necessary equal
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Table 6. Coefficients ¢, as eq. (A.4) separated by RGE corrections from gauge [63], Yukawa [64],
and QED [65] coupling dependencies.
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to i. Using refs. [63-65], and solving their RGEs in the leading log approximation, we find
the values of §; displayed in table 6.

We observe that, if we do not consider the global prefactor due to rotations, several
terms share identical corrections except for QED corrections (due to different values of
electric quark charges g, # gq). Using the coefficients £, from table 6, we find (omitting
flavor indices)

2
VaVi CVIV] ~ vk Vv = (25)p, (A.6)
2
UV, Co ViUl — U, ViKYV Uf = <J>5g (A7)
2
UV CR VI UL - Uikl Uf = () R, (A.8)
where
1 1 3 1 3 Qe
(07 apyr = <3 (C(E)q +C(e)q ) dap + (C(fgz +C(e21 )) — L (A.9)
wwyA wwyA aByA aByA
1 1 3 1 3 Qe
(0L Japyr = (3 (C(z)q - C(E)q ) dap — 2(0(511 - 0(621 )) — L (A.10)
wwyA wwyA aByA aByA
1 Qe
(5}[{)(167)\ = (3 C w 5015 +2C 4y, ) — L, (A.ll)
wwyA afByA T
D 1 Qe
(OR)apyr = | 3C w dap—Cua | L. (A.12)
wwyA afyA T

Assuming that Wilson coefficients are of similar size (~ C') and interfere constructively, we
obtain for ugpw ~ 80 GeV and Axp ~ 10 TeV,

5g~5£~25g~255~20%L~0.020, (A.13)

for a = 8, and

1 e
5g~555~5%~25£~20%L~0.02C, (A.14)

for a # .

As already mentioned in the main text, egs. (A.13) and (A.14) represent a correction
of less than 5% for Axp ~ 10 TeV in egs. (2.12) and (2.13).

B Differential branching ratios

In this appendix we present the ¢?-dependent functions ain for the exclusive transitions,
B — Pv;vj and B — V v;v; where P and V are pseudoscalar (P = K, 7) and vector (V =
K*, p, ¢) particles, respectively, and for the inclusive modes, B — X, v;v; with ¢ = s,d.
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B.1 B — Pvpy;

The B — Pv;v; mode, where B = B%, B* and P = 7% 7+, KO K™, respectively, is
described by only one form factor, ffp . The afp -function of the differential branching
ratio is given by [37, 39, 40]

2
 GraZrs Oee(@)? (FE7(¢Y)
B 3072w m% ¢ ’

af’(¢%) (B.1)
while a®?(¢?) = 0. Here, 75 denotes the lifetime of the B meson. The parameter cp
accounts for the flavor content of the pseudoscalar particles, in particular c¢.o = v/2 and
cr+ xo g+ = 1. The function Agp(g?) is the usual Kéllén function A(m%,m%,q?) with
Ma,b,c) = a? +b*+c? —2(ab+ac+bc). Notice that eq. (B.1) is equivalent to the one
provided in the literature, e.g. [37], when the sum over the neutrino flavors is performed.
Information about ffp (¢?) is provided in appendix C.

B.2 B — VV,'Ijj

In contrast to B — P v;v;, the differential distribution of B — V v;v; is enriched with three

form factors. The functions afV" associated with B — V v;i; transitions can be written
as [23, 39, 40]

BV (¢?) = GEaZre (Apv(d?)*? 242 (V(4?))? (B.2)

3072 > mY 2 my \2 '
B (14 m)
B (%) = Ghagtp Apv(g?)'/? (B.3)
- 1536 0 mp ¢t
2 2112 my\? 4 2112
< [32my (Ana(@)” + (14 ) @ (Auld)™)

with Apy(¢?) = A(m%,m%/, ¢?). The parameter cp accounts for the flavor content of the

vector particles, in particular ¢,0 = v/2 and Cot K+0 g+ +.4 = 1. Information about V(g?),

P
A1(q?), and Ais(q?) is provided in appendix C.

B.3 B — Xd,s Viljj
The functions a:[ixq associated with B — X, v;v; with ¢ = d, s transitions are given by [23]

B G% ozz 78 K(0)

BX 2 2
X [A(mz?,mi,(f) +3¢° (m§ +mg — qQ)} :
where
s 25 2
k(O)=1+ 2 (:%) [65 - 37r2} ~0.83, (B.5)

includes QCD corrections to the b — ¢ vv matrix element due to virtual and bremsstrahlung
contributions [66].
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C Form factors

Here, we provide detailed information on the form factors. In general any form factor,
denoted by F, can be parametrized as [42]

2
Fa) = — > o [s(a) - =0] (€1
T k=0
where
()= Vi~V T (C.2)

Vie— @+t =ty
with t3 = (mp £ mpy)? and tg = t (1 — /1 —t_/ty). Here, mp, represents the mass
of sub-threshold resonances compatible with the quantum numbers of the form factor F.
The values of mp, can be found in refs. [41, 42].

Cl1 B— PV

We use the latest form factors results from refs. [41, 42], where a fit of LCSR and lattice
data is performed. Central values of a,(f) as well as uncertainties and correlations for each
form factor F, can be found in supplemented files of these references. For almost all modes
we employ these fit results, with the exception of the B — p mode, where the previous fit
was performed using only LCSR data at low-¢2. In the following section, we employ the

latest LCSR results and perform a fit with the available lattice data.

C2 B-—op

We perform a fit of three B — p form factors V, A; and A, following a similar procedure
as in refs. [67, 68]. The form factor A2, which is used in our parametrization in eq. (B.3),
is obtained via the relation

(mp +my)2(m% —mi — ¢*)A1 — Apv A

A9 =
12 16 mpm2, (mp +my)

(C.3)
For low ¢2, we use LCSR data from ref. [41], while for high ¢ we use the available data
from the SPQcdR [43] and UKQCD [44] collaborations.

Figure 3 shows the ¢?-distribution and its uncertainties for the form factors V, A; and
Ag in B — p. The fit results (best fit values, uncertainties, and correlations) of these form
factors can be found in a supplemented file of this article on arXiv [69].

Assuming that experimental information of charged modes, B — p/fvy, is saturated
by SM contributions, we can use the experimental branching ratios of these modes as
normalization, leading to [70]

B = o3 Va0 4
B(BY = p* (Fug)exp 2 |Vip| \4m SMI '
for neutral modes, and
B(B* — p*vi)sm _ . |Vaal|® <a>2 Xen[? (C5)
B(B* = 0% 0¥ 1) exp Vip| \47 SMI '

~ 98 —



. ] 1.0
=== fit LOSR + lattice ! ---- fit LCSR + lattice
31 ¢ LCSR point (1811.00983) ',' ¢ LCSR point (1811.00983)
lattice data points (SPQcdR) i 0.8 lattice data points (SPQcdR)
lattice data points (UKQCD) ,’I lattice data points (UKQCD) L
’ ’/
&; e /l @ 0.6 5 954
N Z
/’ < 0.4 J=f
1 4 // ——————————————
0210
0 . . 0.0 : : - :
0 5 10 15 20 0 5 10 15 20
¢* [GeV?] ¢’ [GeV?]
===- fit LCSR + lattice
31 ¢ LCSR point (1811.00983)
!
lattice data points (SPQcdR) A
lattice data points (UKQCD) /'
II
8021
(=) ’
\_C\T II,
< "l
f7
14 H
0
0 5 10 15 20
2
¢* [GeV?]

Figure 3. B — p form factors V, A; and As. LCSR data [41] (blue points), lattice data [68] (orange
and yellow points) and our fit results (green dashed line) and their 1o uncertainties (green band).

for charged ones. Since lepton-flavor is conserved and universal in the SM (2.4), any
leptonic mode, £ = e, £ = u or £ = 7, can be used as normalization. In particular, we can
use B(BY — pF (T 1p)exp = (2.9440.21)- 107 [35] and B(B* — p° (1) exp = (1.58£0.11)-
10~ [35] where £ = e or £ = y, not a sum over e and y modes. Corresponding SM branching
ratios are in agreement with those based on our fit to LCSR and lattice data, see table 2.

When computing the ratios in eq. (6.2) we only consider the leading term in eq. (5.7)
since we can only extract the value of the sum Afop AP, Hence, the 10(20) intervals
are obtained by varying B(B? — p* £T1p)eyxp in eq. (C.4) within their 10(2 o) uncertainties.

D Global b — s fits

Here we provide the results of our global fits to b — s u* i~ data using the python package
flavio [49]. We consider two cases: global fits including only b — s u*u~ data, and others
where in addition we include information from observables such as Rx+ and B? — K*0ete~
observables. We follow a similar approach as refs. [5, 71], where also the flavio package
is used and refer to this reference for details. In particular we employ observables from
b — s¢( transitions listed in tables B.1-B.3 in ref. [71], while using the updated 2021

measurement of Rx from LHCD [2].
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observable SM prediction measurement /limit

B(BY—ptp™) (3.674£0.14)-107° 2.7-107° combination 20201 [72]
B(B®—ptu™) (1.1440.11)-107%° 0.6-107°  combination 2020 [72]
B(B°—K*y) (41.847.4)-107 (43.341.5)-107% HFAG’14 [73]
B(BT—K*"y) (42.5+8.0)-107° (42.141.8)-107° HFAG’14 [73]
B(B— Xs7) (329+£23)-10°° (327414)-107°% Belle’14 [74]
B(B— ¢7) (4.040.5)-107° (3.6£0.54£0.340.6)-107° Belle’14 [75]
B(B: 2 K™0) 1.0440.19 1.1940.064+0.04+£0.07 LHCH'12 [76
W . . . . . . [ ]
Acp (B* = K*%) 0.005+0.002 —0.002£0.015 HFAG’14 [73]
Acp (B! = ¢7) 0.004+0.002 0.11+0.2940.11 LHCb’19 [77]
Agp (B — ) 0.034:0.02 —0.67793740.17 LHCbH'19 [77]
Sy (—242)-107* 0.4340.3040.11 LHCb'19 [77]
Sk —0.02340.014 —0.164+0.22 HFAG’14 [73]
observable ¢*-bins in GeV? datasets
& (M= Aptum) [2,4], [4,6], [15,20] LHCb’15 [78]
Apg (BY - K" ptp”) [1.1,2.5], [4,6], [15,19] LHCbH’20 [79]
App (BT =K' ptp™)  [1.1,2],(2,3],[3,4], [4,5], [5,6], [19,22] LHCb’14 [80)
Fa (Bt K ptu™)  [1.1,2],(2,3],3,4], [4,5], [5,6], [19,22] LHCb’14 [80]
Afg (Ap = Aptp”) [15, 20] LHCb’18 [81]
Afg (Ap = Aptp”) (15, 20] LHCb’18 [81]
Ay (A= Aptp”) [15, 20] LHCbH’18 [81]

T Combination of ATLAS, CMS and LHCb results, where we use the given multivariate numerical
distribution of the observables, which is implemented in flavio. In this table we only provide the
central value for comparison.

Table 7. Additional input for the performed global fit, which is not listed in ref. [71].

However, we do not include the observables listed in tables B.4-B.9 of ref. [71], which
incorporate observables from charged current B decays as well as strange, charm and 7-
decays.

We additionally include observables of radiative modes, B?s) — pp and Ay decays
listed in table 7, which are already implemented in flavio.

— 30 —



Ry (-) observables ¢-bins in GeV? datasets
Ryo [0.1,4], [1,6], [14.18,19] Belle’19 [82]
R+ [0.1,4], [1,6], [14.18,19] Belle’19 [82]
R+ [1.1,6] LHCb’21 [2]
R0 [0.045,1.1], [1.1,6], [15,19] Belle’19 [83]
R0 [0.045,1.1], [1.1, 6] LHCb’17 [3]
Ryt [0.045,1.1], [1.1,6], [15,19] Belle’'19 [83]
LFU violating observables ¢>-bins in GeV? datasets
Qus = Pifg) — Pi; [0.1, 4], [1, 6], [14.18, 19] Belle’16 [84]
BY — K*9¢te™ observables ¢>-bins in GeV? datasets

FL7 P17 P27 Im(AT>

0.002, 1.12], [0.0008, 0.257]

LHCb'20 [85, 86]

Table 8. Ry and B® — K*CeTe™ observables input for the global fit including Ry data.

D.1 Global fits with only b — s uTu~ data

In the global fit with only b — su™u~ data, we exclude experimental information on the

LU ratios Rg~, and B® — K*?eTe™ observables.

Due to strong correlations it is mandatory to include B(B® — pu) in addition to
B(B? — uu) in the global fit. Although the updated 2021 branching ratios from LHCb
have been recently presented, the correlations remain unavailable, therefore, we use the
2020 combination of ATLAS, CMS, and LHCb that is implemented in flavio. We expect

small changes when including the new LHCb measurement.

We perform five different global fits:

* 1 dimensional with only Cg ,,

e 1 dimensional with Cy , = —Cy , ,

e 2 dimensional with Cg 10, ,

e 4 dimensional with C((.(/J),li)),u )

e 6 dimensional with C((;),g,lo)# .

The best fit values of the Wilson coefficients, as well as their 1o uncertainties are
listed in table 9. The last two columns display the reduced x? of the fit (~ 1), with their

respective pull from the SM hypothesis (~ 4.50).
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Dim. Cr Crp Co Ciou C, 10, x?/dof | Pullgy
1 — — —0.91£0.18 — — — 1.00 4.50
1 — — —0.68 £0.16 —Cy,, — — 0.99 4.70
2 — — —-1.02£0.19 | 0.46 £0.18 — — 0.96 4.90
4 — — —1.13+0.18 | 0.31£0.21 | 0.29£0.33 | —0.24£0.19 0.92 5.00
6 0.002+0.01 | 0.02£0.02 | —1.154+0.18 | 0.30+£0.20 | 0.22+0.34 | —0.24£0.19 | 0.91 4.60

Table 9. Best fit values and lo uncertainties of the Wilson coeflicients from a fit with only
pure b — sputp~ data for different new physics scenarios. We also provide the x?/dof value and
respective pull from the SM hypothesis.

Dim. Cr Cru Co. Ciou Cy Clo,u x2/dof | Pullsy
1 — — —0.83£0.14 — — — 0.98 6.00
1 — — —0.41 £ 0.07 —Co 1 — — 0.99 6.00
2 — — —0.71+0.17 | 0.20£0.13 — — 0.97 5.90
4 — — —1.07+0.17 | 0.18+0.15 | 0.27£0.32 | —0.28 £0.19 | 0.90 6.50
6 0.0005 £0.01 | 0.005£0.006 | —1.08 £0.18 | 0.18 £0.15 | 0.27£0.34 | —0.28 £0.17 | 0.89 6.10

Table 10. Best fit values and 1o uncertainties of the Wilson coefficients from a fit also including
the observables listed in table 8 for different new physics scenarios. We also provide the x?/dof
value and respective pull from the SM hypothesis.

D.2 Global fits including Ry data

Assuming that electron modes does not suffer from NP effects, we can include in addition
the observables from table 8. The B® — K*0eTe™ observables set strong constraints on
the Wilson coefficients cé’). We perform five different global fits as before. The results are
displayed in table 10, where the pull from the SM hypothesis has increased from ~ 4.5¢

to ~60.

E Benchmark dineutrino distributions

In this appendix we display the differential branching ratios of B — P,V as well as inclu-
sive B — X dineutrino transitions for different benchmarks of x?fq in figure 4. We show the
SM distributions (black) with Wilson coefficients given by eq. (2.4), while also including
form factor uncertainties. The regions shown for the general benchmarks (blue) are con-
structed using the values of a:lij that provide the largest (or smallest) integrated branching
ratio allowed by the constraints in eq. (4.1) and (4.2) for b — s and b — d transitions,
respectively. For the LU benchmarks (red) we utilize egs. (5.4) and following, together
with eq. (3.1) and the experimental limits on B(B — Pvv) in table 2. Similar results are
obtained for charged B-decay modes, which suffer from 7-background contributions, see

eq. (3.6), and are therefore not shown.
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Figure 4. Differential branching ratio for B — K%w, B® - K*%vi, B? — ¢vv, B® — X, vp,
B% — 1%up, and BY — p°vv in the SM and two NP benchmark scenarios, “benchmark general”
using the derived EFT bounds (4.1) and (4.2) for b — svv and b — dvw, respectively, and “bench-
mark LU” (3.1) together with the experimental limits from table 2. See text for details.
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