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Abstract

Flavor physics continues to be an interesting avenue to look for beyond the standard model (SM) physics.
Recent results from flavor physics, both in the quark and lepton sectors, hint at possible new physics. In
this work we focus on some flavor physics results, mainly in b decays, and speculate on possible new
physics interpretations of these results. We also present a model that can connect some of the B anomalies
to the MiniBooNe anomaly and the muon ¢ — 2 measurement.
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1. INTRODUCTION

These are several interesting measurements in flavor experiments that could provide clues to BSM (beyond the SM) physics.
Focussing, on the quark flavor sector, anomalies in the charged and neutral current B decays have been an active area of re-
search for almost a decade. Although the updated measured values of Ry(., = B(B — K*)utu~)/B(B — K*ete™) are now
fully consistent with the standard model (SM) expectations [1], the individual branching fractions remain lower than the SM pre-
dictions [2] which could indicate flavor universal new physics [3]. However, a first measurement by Belle II of the branching ratio
B(B* — K*v) = (2340.7) x 10~° [4], which is 2.7¢ higher than the SM expectation B(BT — KT v#)gy = (5.58 +-0.38) x 1070 [5]
has revived interest in neutral current B decays. For a limited list see [6, 7, 8, 9, 10, 11]; an earlier upper limit by Belle II [12] also
led to a flurry of theoretical activity [13, 14, 15, 16, 17, 18]. Unlike the dilepton modes in Ry.), the contamination from c¢ states in
B — Ky can be neglected. Hence, if confirmed, the Belle II result could be a clear sign of new physics.

On the other hand there are several puzzles in rare non leptonic B decays also and the most well known one is the so called
B — mK puzzle which has ben discussed extensively in the literature. See for example [19] for a recent analysis of this puzzle. The
B — mK puzzle can be considered to be part of a more general class of puzzles in hadronic B decays [20]. There are also several
puzzles in the neutrino sector and it is a novel idea to explore a connection between the neutrino and the quark flavor anomalies.

In this work we will address a few of these anomalies. We will start with the anomalies in b — s transitions—b — s¢7¢~,b —
SUT.

2. B — K(*)¢+¢— ANOMALY

The branching ratios for B — K(*)¢* ¢~ and B; — ¢/ ¢~ are consistently below the SM predictions. As an illustration, consider the
decays B — K¢1 ¢~ . In Figure 1, we show the experimental and theory calculations based on the lattice results [5] and one can see
the deviations with respect to the SM predictions. A possible explanation of the anomalies is underestimated charm background
but it is known for a long time that an universal new physics, ACy, can explain the data (see [3]). The amplitude for B — K(*) (7 is

May (B = 1<<*>122) - f%vtbv;; [c9<1<<*> ’§L'y”bL‘ B>ZW n c10<1<<*> s‘Ly"bL‘ B>Z%,754 . (1)
Moving over to B — K(*)u7, the amplitude is
Mayt (B = 1<<*>m7) - f%vtbv;;q@(*) ‘S‘L'y”bL‘ B>my (1 - 75) v. 2)

The key point is that the same form factor that is used in B — K(*)¢7 is applicable here.
As, indicated earlier the measured branching ratio for this decay is enhanced with respect to the SM prediction.

3. B— wK PUZZLE

We next move to puzzles in the hadronic decays. The set of B — 71K decays are interesting because the amplitudes are related in
the isospin limit which is an excellent symmetry for the strong interactions. The measured branching ratios and CP asymmetries
for these decays, as shown in Table 1 [21] are difficult to understand in the SM.
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FIGURE 1: Branching ratios from experiment and theory for B — K¢ ¢~ [5].
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FIGURE 2: Branching ratios from theory for BT — K*vv [5].

The leading order diagrams for the set of B — 71K decays are shown in Figure 3.
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Decay BR(x107°) Acp Scp
BT — " KY [ 2379+£0.75 | —0.017 £0.016
B* — n0K* | 12.94£052 | 0.025+0.016
BY — m~K* | 19.57+£0.53 | —0.084 +0.004
BY = n°K® | 9934049 | —0.014+0.10 | 0574017

TABLE 1: Branching ratios, direct CP asymmetries Acp, and mixing-induced CP asymmetry Scp (if applicable) for the four B — 7K

decay modes [21]. The Acp measurements shown in red are predicted to be same in the SM in the leading order.
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FIGURE 3: B — K and B — 77t diagrams.

We can describe all the B — 7K decays by the following amplitudes: T’, C’, P/, P;,,, P, which satisfy the following hierarchy.

m _ |VuquS| G

_ L 015,
[P'[ [V Vis| 7
IC'| |G| _ |T'|
_ % ~ 0.03,
|P'l (G [P
p! 1.254
| Erv| =5 x ~ 0.14,
|P'| =
Pl _ 17| 1Penl o 14,

= X
|P'| G|~ |P']

®)

)

©)

(6)

This shows that these decays are penguin dominated and can be sensitive to new physics effects. On the other hand, the B — nirr
decays can be described by the following amplitudes: T, C, P, Py, P5,. These decays are tree dominated and so less sensitive to

new physics. The amplitudes satisfy

Pl VeVl %
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For the A = B — 7K/ amplitudes, one can write after dropping small amplitudes:

AT = P/ + Pl — %Péiw an
V2AY = _T'¢"" — C'el" 4 P}, — Pl — Pl — %Péiw (12)
At = T + Pl — Pl.e" — gPéCw, (13)
V2A% = —C'el — P}, + Pjoe'? — Pl — %Pécw- (14)

The electroweak amplitudes are related by the Tree amplitudes in the SU(3) limit via

- ng(T'+C')+§uR(T'_C'),

RN g
Pcc:79 10RT/ C/_79* 10RT/—C/.
W4 040 (T'+C) 4c1—0 ( )
At fit to the data is shown in Table 1 gives the following result in Table 2.
x%/dof 3.18/2
Parameter | Fitted Value
| Py| 50.7 £ 1.7
|T'| 55+15
IC' 38+13
[P ] 1.0+£9.1
op; -16.0+7.3
S 205 +20
dpr 8.0 £350
TABLE 2: All SM parameters all data.
We can make the following observation from Table 2:
(i) |C'/T'| = 0.68 is pretty large and is generally inconsistent with observations from color suppressed decays.
(ii) The default expectation |C'/T’| ~ 0.2 (see, e.g., QCD factorization) will worsen the fit.
(iii) ACP(00) = —0.11 while the central value of the measurement is —0.01 with a large uncertainty. Hence precise measurement

of the CP asymmetry in Bg — 0KY is crucial.

Using the expected value of |C'/T'| = 0.2 we get a poor fit to the data as shown in Table 3.

X2/ dof 26.7/5
Parameter | Fitted Value
| Py | 4623050
|T’| 5.334+0.72
opr —2354+39
¢ 220+t 16

TABLE 3: P, =0, |C'/T'| = 0.2, all data.

4. EFFECTIVE OPERATORS: SMEFT

One can explore whether in SMEFT (standard model effective field theory) one can explain the semi leptonic and hadronic puzzles
from a common set of operators as shown in Table 4 using qcd and electroweak RGE running.
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) 77 1) @k . 12333
Q?g) _(qm;q,)(ﬂzw Wz) (LLIL) | 7
QL(W) @ivut q)@r"t'q,) 7932333
1 _ —
Q?g) (Qi')’y%)(d_k'wd() (LL)(RR) | 941-2333
Qui | @ T 90 iy Tdy) qd8.2333
Qua (divyud))(dgydy) (RR)(RR) | dd-2333

TABLE 4: SMEFT operators.

At the m;, scale, from the SMEFT operators in Table 4, we can generate both b — sqj and b — s¢* ¢~ operators. The operators
relavant for non leptonic decays are

Ch, R ViV (sumab) @), “JEVVE (b (r*a0), (16)
C?/RL 4\[ Viv Vi (SRYubR) (L7"qL) C?/RR 4\f VivVis (SrRYubR) (GRY"qR) (17)
che vV (stf) (abriat) U 2RV (stutf) (k) 18)
e 455 VioVis (k) (afamat), 455 Vip Vit (skvubf) (aho"ak) - (19)
On the other hand, the semileptonic operator is
Sy (sumby) (19#0). 0)

Hence, four quark SMEFT operators can potentially explain both the b — s¢{7¢~ and b — sqj anomalies. Strong constraints in
these models come from B; mixing.

5. B — Kvi AND THE MINIBOONE ANOMALY

An interesting possibility is to explore a link between anomalies in B decays to neutrino and anomalies in neutrino experiments. In
this section we explore a model of a light scalar mixing with an extended Higgs sector to explain the B — Kv¥ and the MiniBooNE
anomalies. The MiniBooNE anomaly is characterized by excess electron-like events in the energy region between 200 MeV and
600MeV and is coincident in time with the (E,) ~ 0.8GeV neutrino beam. It is now considered a 4.8¢ significance effect. The
Lagrangian of our model is [22]

1 mye
L5 5 (05) — gm3s* —ns ¥ "LFfs
f=d

- L 77f*fffS §pSTpvp — —KSF,WFV
f=u,c,t

@1

where v o~ 246 GeV, is the Higgs vacuum expectation value, d and ¢ correspond to down-type quarks and leptons with a universal
coupling 77 scaled by the respective SM Yukawa. The structure of the Lagrangian can arise from the mixing of singlet scalar with
the neutral components of a two Higgs doublet model [23, 24, 25]. We will however adopt an effective interaction in the spirit of
[26] and take the couplings 77 of the scalar to the up-type quarks to not be flavor universal. The FCNC B — KS and K — 715 decays
are generated by the penguin diagrams in Figure 4

LecNe = 8psSPrYS + 854dPRsS, (22)
3vV2Gr m?my
bs N o2 tv 1tVio Vs, (23)
3V2Gp mims , . m2 Ves V2,
~ Vi e c . 24
8sd 1672 . tsVig | 1t + 11— 2 Vtthd (24)

The MiniBooNE events are generated in the model via neutrino scattering in Figures 5 and 6. The predictions of the model for
certain benchmark points are shown in Table 5.
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FIGURE 4: Penguin diagrams for b — s¢ and s — d¢.

e
e+
FIGURE 5: MiniBooNe neutrino interaction with S — e*e™. FIGURE 6: MiniBooNe neutrino interaction with S — .
BP | B(S—9y) | B(S—vi) | B(S—eTe) | B(Kp — n%vi) | B(Bs — vir) | B(B — KF)yy)
1 0.093 0.907 426 x 107° 1.71 x 1079 513 x 10~/ 1.3x10°°
2 0.717 0.282 7.06 x 1074 361 x10711 | 354%x1077 3.7 x 1075
3 0.496 0.504 593 x 107> 9.02 x 10~10 414 x 107 1.7 x10°5
4 0.165 0.835 1.10 x 1074 1.73 x 1072 1.43 x 107 2.65 x 107°
5 0.829 0.170 9.72 x 1074 2.04 x 10710 1.72 x 107 6.8 x107°
6 | 458 x10°° 0.999 7.10 x 1074 1.89 x 107 1.01 x 10~© 6.5 x 1011
7 | 395x10°4 0.997 214 x 1073 2.84 x 10~? 4.86 x 107 7.6 x 1077

TABLE 5: Predictions for certain benchmark points of the model [22].

5.1. Predictions—S Model

The main predictions of the model are the following;:
(i) K; — 7%+ inv can be close to the experimental bound.
(ii) A resonancein B — K(*)'y’y is the main prediction.

(iti) The branching ratio of S to electron-positron pair is tiny and so b — s¢* ¢~ (B — K*)¢*¢~) decays is mostly SM.

5.2. ay,ar Constraints/Predictions

The model can explain the muon g — 2 measurement [27] also via the diagrams in Figure 7.
Because of small S coupling to leptons the Barr-Zee diagram dominates.

2
Syy o Ma Kmy, A

Note that 77; and x control the S — ete™ and S — < rates.
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FIGURE 7: The scalar S contributions to (g —2);.

6. SUMMARY

In summary there are several puzzles in b — s transitions in semileptonic and nonleptonic B decays. A unified description may
be possible in an effective theory through RGE effects of SMEFT operators. There is new evidence for BT — K* + inv with an
enhanced rate relative to the SM. We considered a model where this decay is interpreted as Bt — KT + S, where S is a short lived
scalar that decays to neutrinos by coupling to a sterile neutrino v4, which mixes with the muon light neutrino. The same model can
provide an explanation of the MiniBooNE electron like events events as well as the muon g — 2 measurement.
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