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Outline

50 years of Charm Discovery: Zoltan Ligeti’s slides.

Flavor Physics
I Testing the flavor structure of the SM: UT Fits.

I Beauty Decays. Status of Anomalies

I Motivated by neutrino masses and mixing: Charged Lepton Flavor vio-
lating Decays.

I Motivated by neutrino masses and mixing: Signatures of sterile neutrino
in Effective Theory.

I Dark Sector in rare decays to invisible states.

I Conclusion













Take 1: what’s the big deal?

• GIM mechanism (1970)

• Kobayashi-Maskawa 3-generation proposal (1973)

• Constraints / predictions for mc from ∆mK and KL → µ+µ−

Gaillard & Lee, March 1974
∆mK → “Equation (2.8) is compatible
... with ... mu ≪ mc and mc ≃ 1.5GeV”

Vainshtein & Khriplovich, July 1973
KL → µ+µ− → mc < 9GeV

∆mK → mc −mu ∼ 1GeV (“less reliable”)

(NB: vacuum insertion approximation works better for ∆mK than one could have expected)

Reading these papers, one might wonder when they haven’t received the Nobel Prize?
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SM fits - UT triangles

Outline

• Motivation: It is exceedingly important to 
determine UTs as precisely as possible….

• Briefly recall special role of lattice BK in 
confirmation of KM theory of CPV

• Progress in lattice eps’….implications for both 
UTs though crucial for KUT 

• K UT
• B UT: esp gamma
• Summary

ICHEP-2024(Prague);  A Soni (BNL-HET) 2 ICHEP-2024(Prague);  A Soni (BNL-HET) 3



SM fits - UT triangles

2 Marcella Bona

 Unitarity Triangle update

www.utfit.org

Plots and numbers updated for Summer 2024:
latest paper: Rendiconti Lincei. Scienze Fisiche e Naturali (2023) 34:37–57

https://doi.org/10.1007/s12210-023-01137-5

M.Bona, M. Ciuchini, D. Derkach, F. Ferrari,
E. Franco, V. Lubicz, G. Martinelli, D. Morgante,
M. Pierini, L. Silvestrini, S. Simula, A. Stocchi,

C. Tarantino, V. Vagnoni, M. Valli and L. Vittorio 

11 Marcella Bona

 Unitarity Triangle update

 Unitarity Triangle analysis in the SM:

levels @
95% Prob

 r = 0.158 ± 0.009
 h = 0.352 ± 0.010 

 l = 0.2250 ± 0.0007
 A= 0.826 ± 0.009



What is the scale of new physics?

• Flavor,K,B,D: (b̄Γd)2

Λ2
⇒ Λ >∼ 102 –105 TeV

(Note special sensitivity of meson mixings)

• Electroweak: (H†DµH)2

Λ2
⇒ Λ >∼ 10TeV

• Actual scales may be much less; e.g., in SM:
∆mK

mK

∼ g42
16π2

|VcsVcd|2
m2
c

m4
W

f
2
K ∼ 7× 10

−15

(hatched: MFV)

mesons leptons EDM Higgs top

[1910.11775]

• Lack of NP in flavor tells us something; motivates tera-Z part of comprehensive search

• If NP is within any collider’s reach, it must possess nontrivial structures (e.g., MFV-like)

Z L – p. 9



B anomalies: R(D)− R(D∗) puzzle

ASM =
GF√

2
Vcb

[
〈D(∗)(p′)|c̄γµ(1− γ5)b|B̄(p)〉

]
τ̄ γµ(1− γ5)ντ

R(D) ≡ B(B̄ → D+τ−ν̄τ )

B(B̄ → D+`−ν̄`)
R(D∗) ≡ B(B̄ → D∗+τ−ν̄τ )

B(B̄ → D∗+`−ν̄`)
.
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Experiments: R(D)− R(D∗) puzzle

0.2 0.3 0.4 0.5
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R
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*)
HFLAV SM Prediction

 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

68% CL contours

total 0.026±R(D) = 0.342 
total 0.012±R(D*) = 0.287 

 = -0.39ρ
) = 35%2χP(

aLHCb
bLHCb

cLHCb

bBelle

cBelle

aBelle BaBar

BelleII

Average

HFLAV
Moriond 2024

Including correlations, one finds that the deviation is at the level of 3.31σ
from the SM prediction.

New developments in refining SM predictions for these decays. Severals
talks in the conference.

Analyze NP in model-indpendent way ( see talk by Nicola Losacco) and in
models( see talk on Leptoquarks by S. Fajfer)
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NC FCNC: b → sµ+µ− and b → sνν̄ - SM

Heff(b → s`¯̀) = −αGF√
2π

VtbV
∗
ts

[
C9 (s̄Lγ

µbL)
(

¯̀γµ`
)

+ C10 (s̄Lγ
µbL)

(
¯̀γµγ

5`
)]

,

Heff(b → sνν̄) = −αGF√
2π

VtbV
∗
ts CL (s̄Lγ

µbL)
(
ν̄γµ(1− γ5)ν

)
,

Heff(b → sγ∗) = C7
e

16π2
[s̄σµν(msPL + mbPR)b]Fµν
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b → s`+`−: - Past

R. Silva Coutinho 4

FLAVOUR ANOMALIES IN b → sℓ+ℓ−

Differential in q2

%4b→sũũ 2019 P. Álvarez Cartelle (ICL)

• Perform the measurement in bins of q2 ≡ m(ũũ) 
 

 

• Veto the q2 regions close to  
the resonances         where  
the charm-loop dominates
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[DECAY RATE]
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(a) θK and θℓ definitions for the B0 decay
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(b) φ definition for the B0 decay
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(c) φ definition for the B0 decay
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[ANGULAR DISTRIBUTIONS]
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Indirect searches for NP are typically with rare decays 
and try to access quantum corrections from physics at 
larger energy scales

Indirect searches for new physics 6
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[LFU: RATIO OF BFS]
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CONSISTENT ANOMALOUS PATTERN
Lepton universality 21 / 34

Lepton Flavour Universality tests in b ! s`` decays
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Status before Dec. 2022 SM prediction

⌅ Lepton flavour universality central property of SM
⌅ Testable using ratios of branching fractions of rare b! s`+`� decays:

RK,K⇤ =
B(B(+,0)! K(+,⇤0)µ+µ�)

B(B(+,0)! K(+,⇤0)e+e�)

⌅ Exactly unity in SM, di↵erences only through lepton mass e↵ects
⌅ QED corrections O(1 %) [EPJC 76 (2016) 440]

⌅ Hadronic uncertainties (form-factors and cc̄-loop) cancel in the ratio
C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays
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+ OTHER b → sμ+μ−

Lepton Non-Universal NP - cannot be faked by QCD.
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b → s`+`−: - Current
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Figure 28: Measured values of LU observables in B+! K+`+`� and B0! K⇤0`+`� decays and
their overall compatibility with the SM.

treatment of misidentified hadronic backgrounds in the electron mode are also evaluated
using pseudoexperiments. The biggest shift (0.064) is found to be due to the more stringent
PID, which enhances signal purity by the removal of contributions from processes that
were not previously modeled. Residual misidentified backgrounds are modeled in the
fit, resulting in a further shift (0.038) compared to the previous analysis. These shifts
add linearly. The systematic shift due to misidentified backgrounds to electrons, and
the uncertainties assigned to the results presented here, are greater than the systematic
uncertainties in the earlier publication of RK . The assigned systematic uncertainties on
the new measurements presented in this paper are smaller than in previous papers, except
for RK (central-q2) where the new result has a smaller overall relative uncertainty despite
an increase in the systematic uncertainty from that of Ref. [24]. In all cases, the statistical
uncertainties remain significantly larger than the systematic uncertainties and therefore
additional data will continue to challenge the Standard Model.
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FLAVOUR ANOMALIES IN b → sℓ+ℓ−

Differential in q2

%4b→sũũ 2019 P. Álvarez Cartelle (ICL)

• Perform the measurement in bins of q2 ≡ m(ũũ) 
 

 

• Veto the q2 regions close to  
the resonances         where  
the charm-loop dominates
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+ OTHER b → sμ+μ−

LFU CONSISTENT WITH SM!CONSISTENT ANOMALOUS PATTERN

[LHCb, JHEP 11 (2016) 047] [LHCb, PRL 125 (2020) 011802  
Belle, PRL 118 (2017) 11, 111801  

ATLAS, JHEP 10 (2018) 047  
CMS, PLB 781 (2018) 517]

[LHCb,PRL 131 (2023) 051803, PRD 108 (2023) 032002]

LUV anomalies have reduced significance: Lepton Universal NP or
underestimated QCD effects.
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b → s`+`−: Long distance QCD effects

See also talk by Arianna Tinari

Interpretation of the anomaly

c 5Martin AnderssonICHEP 2024

Diagram from E. Smith

J/ψ
ψ(2S)SM QCD effects

Amplitude analysis to separate local 
and non-local contributions

E�ective Hamiltonian and Wilson Coe�cients
• A(i æ f) = < f |Heff |i >
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• Heff = ≠ 4GFÔ
2 VtbV

ú
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q
i Ci Oi

• Wilson Coe�cients contains the integrated out heavy fields
Û E�ective couplings, analogous to Fermi’s constant

Û Heavy New Physics would cause deviations from well known SM Ci
values

• Local Operators containing light fields < mW

• Goal: Set a limit on B(B0 æ Kú0·+·≠) and the e�ective coupling C·
9
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NP or underestimated SM QCD?
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1-particle contributions
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Cornella et al. [EPJC 80 (2020) 12, 1095] 

= C7 + ζλeiωλ

ICHEP 2024

2-particle contributions
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 vertex correctionC7
Polarisation dependent 

shift to C7
Asatrian, Greub, Virto 
[JHEP 04 (2020) 012] 


Negligible impact 
from light quarks

Analysis strategy
Contributions to the differential decay rate:

  


      

Ceff,λ
9 (q2) = Cμ

9 + Y(0)
cc (q20) + Y1P,λ

cc (q2) + Y2P,λ
cc (q2) + Yττ(q2)

Ceff,λ
7

In fact NP in bsτ+τ− is a possible source of a universal C9 in SMEFT via
RGE running.

(UMiss) 18 / 41



b → s`+`−: NP fits

Results - Wilson coefficients

c Martin Andersson 13ICHEP 2024

LHCb-PAPER-2024-011

      3.56 ± 0.28 ± 0.18 


    −4.02 ± 0.18 ± 0.16 


      0.28 ± 0.41 ± 0.12 


   −0.09 ± 0.21 ± 0.06 


      (−1.0 ± 2.6 ± 1.0) × 

C9
C10
C′￼9
C′￼10
Cτ9 102

Global significance of   
 

Largest local deviation is in  at 


Systematic uncertainty  
dominated by   

1.5σ

C9 2.1σ

ℬ(B0 → J/ψK*0)

Non-local contributions are larger than  
what has been assumed so far

First direct measurement of Cτ9

Figure 7: Two-dimensional confidence regions for selected combinations of the Wilson Coe�cients,
obtained using a likelihood profile method. The shaded regions indicate the 1� and 3� confidence
regions considering only statistical uncertainties, while the dashed contours indicate the same
regions with systematic uncertainties included. The horizontal and vertical dashed lines show
the Standard Model values.

systematic uncertainties accounted for. The global significance of the deviation from the
SM considering all of the Wilson Coe�cients in Table 4 is reduced to 1.5�. This dilution of
the statistical significance is due to the lack of a significant fit quality improvement when
introducing the possibility of NP in Wilson Coe�cients C10, C 0

10, C 0
9 and C9⌧ , compared to

only allowing for NP in the Wilson Coe�cient C9. No significant deviation in the Wilson
Coe�cient C10 is observed, nor any evidence for the presence of right-handed currents.

This is the first direct measurement of the Wilson Coe�cient C9⌧ , and the value of
C9⌧ = (�1.0 ± 2.6 ± 1.0) ⇥ 102 is consistent with both zero and the SM expectation of
lepton flavour universality CSM

9⌧ = 4.27 [16, 17]. The uncertainty of the C9⌧ parameter
is dominated by statistical e↵ects. The largest systematic uncertainty, accounting for
⇠ 30% of the total uncertainty, arises from the constraint on the relative size of the

B0 ! D(⇤)D
(⇤)

K⇤0 contributions, as detailed in Sec. 2.5.1. The development of theory

calculations that can be used to constrain the B0 ! D(⇤)D
(⇤)

(! µ+µ�)K⇤0 amplitudes
would help improve sensitivity to the Wilson Coe�cient C9⌧ in future measurements.

The current best upper limit on the B(B0 ! K⇤0⌧+⌧�) branching fraction is 3.1⇥10�3

at 90% Confidence Level [72] (CL), corresponding to an upper limit of |C9⌧ | < 680 at

28

Stat
Stat+Syst

Value of  still shifted down from  C9 CSM9
More data needed 

Phys. Rev. D 90 (2014), 112009
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Fig. 1 Full update. 1σ (dark-shaded) and 2σ (light-shaded) confidence
regions for (CNP

9µ , CNP
10µ) (left) and (CNP

9µ , CNP
9e ) scenarios (right). Dis-

tinct fits are performed separating each of the b → s"+"− modes
(short-dashed contours), the LFUV observables and the combined

b → sµ+µ− modes (long-dashed contours), and the global fit (solid
contours). The colour code is provided in the individual captions. Notice
that some fits (for instance the B → K (∗)"+"− Fit(s) and the LFUV Fit)
share a number of observables and thus are not completely uncorrelated

Fig. 2 Full update. 1σ (dark-shaded) and 2σ (light-shaded) confidence
intervals for the scenarios (CNP

9µ , C9′µ = −C10′µ) (Hypothesis 5) to the
left and (CU

9 , CV
9µ = −CV

10µ) (Scenario 8) to the right, corresponding to
the separate modes involved in the global analysis (short-dashed con-
tours), the LFUV observables and the combined b → sµ+µ− modes

(long-dashed contours) and the global fit (solid contours). The colour
code is provided in the individual captions. Notice that some fits (for
instance the B → K (∗)"+"− Fit(s) and the LFUV Fit) share a number
of observables and thus are not completely uncorrelated

123

Previous measurements of B0 → K*0μ+μ−

c

Long standing tensions with the Standard Model

Tension seen in the observable P′￼5

4Martin AnderssonICHEP 2024

PRL. 125 (2020) 011802

E�ective Hamiltonian and Wilson Coe�cients
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• Wilson Coe�cients contains the integrated out heavy fields
Û E�ective couplings, analogous to Fermi’s constant

Û Heavy New Physics would cause deviations from well known SM Ci
values

• Local Operators containing light fields < mW

• Goal: Set a limit on B(B0 æ Kú0·+·≠) and the e�ective coupling C·
9
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All observables translated into  
effective couplings (WC)

EPJC 83, 648 (2023)

Shift in vector coupling  
is favoured!

C9

~4σ

CMS-PAS-BPH-21-002 

Not including CMS Run 2 result

With more data we can find out if QCD effects are behind the BR and
angular observable deviations in b → s`+`− decays.
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b → s`+`−: NP SMEFT QQLL- Leptoquarks, Z ′

operator & definition chirality & flavour structure

Q
(1)
`q (¯̀

iγµ`j)(q̄kγ
µq`) (L̄L)(L̄L) 3323

Q
(3)
`q (¯̀

iγµτ
I `j)(q̄kγ

µτ Iq`) 3323

Q`d (¯̀
iγµ`j)(d̄kγ

µd`) (L̄L)(R̄R) 3323
Qqe (q̄iγµqj) (ēkγ

µe`) 2333

Qed (ēiγµej)(d̄kγ
µd`) (R̄R)(R̄R) 3323

Table: The list of semileptonic SMEFT operators that can potentially generate
an LFU O9` at scale mb.

CSMEFT (TeV−2) CU
9 CU

10 C ′U9 C ′U10

[C
(1)
lq ]3323 −0.23± 0.04 −1.20− i0.022 −0.004 0 0

[C
(3)
lq ]3323 −0.23± 0.04 −1.17− i0.022 −0.021 0 0

[Cqe ]2333 −0.22± 0.03 −1.16− i0.022 −0.005 0 0

Table: Fit prefers CU
9 = −1.18± 0.19

(UMiss) 20 / 41



b → s`+`−: NP SMEFT QQQQ: Diquarks, Z ′

CSMEFT ∆Ms (×1011) κε ε′/ε (×104) Sψφ

[C
(1)
qq ]1123 (1.15± 0.06) (

√
) −0.012 (

√
) 38.4 (?) 0.0369± 0.0019

[C
(1)
qq ]2223 (2.72± 0.10) (×) 0.11 (

√
) 15.8 (

√
) 0.0265± 0.0008

[C
(3)
qq ]1123 (1.16± 0.06) (

√
) −0.005 (

√
) 23.1 (

√
) 0.0369± 0.0019

[C
(3)
qq ]2223 (0.59± 0.05) (×) −0.04 (

√
) 17.8 (

√
) 0.0544± 0.0043

[C
(1)
qd ]2311 (1.16± 0.07) (

√
) −0.75 (×) 13.9 (

√
) 0.0369± 0.0019

[C
(1)
qd ]2322 (1.55± 0.07) (×) 0.75 (×) 13.9 (

√
) 0.0321± 0.0014

[C
(1)
qd ]2333 (0.76± 0.06) (×) 0.0 (

√
) 13.9 (

√
) 0.0471± 0.0033

[C
(8)
qd ]2311 (1.16± 0.06) (

√
) −15.0 (×) 12.8 (

√
) 0.0368± 0.0018

[C
(8)
qd ]2322 (1.18± 0.05) (

√
) 14.3 (×) 12.8 (

√
) 0.0128± 0.0002

[C
(8)
qd ]2333 (10.6± 0.5) (×) −0.001 (

√
) 12.8 (

√
) −0.0061± 0.0003

[C
(1)
qu ]2311 (1.15± 0.06) (

√
) 0.0 (

√
) 13.9 (

√
) 0.0369± 0.0018

[C
(1)
qu ]2322 (1.16± 0.06) (

√
) 0.0 (

√
) 13.9 (

√
) 0.0369± 0.0019

[C
(8)
qu ]2311 (1.15± 0.06) (

√
) 0.0002 (

√
) 13.9 (

√
) 0.0369± 0.0019

[C
(8)
qu ]2322 (1.15± 0.06) (

√
) −0.0003 (

√
) 13.9 (

√
) 0.0369± 0.0020

QQQQ operators can via gluonic RGE produce effects comparable to the
SM in non leptonic decays and potentially resolve some of the hadronic
puzzles : eg. B → πK Puzzle.
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Lepton Flavor is conserved 
in SM

Neutrino Oscillation = LFV

May observe CLFV

One can use an effective
Field theory description.

Various operator structures 
lead to different processes.

There can be cancellation 
between operators.

A model will have more 
than one operator Yeah you have to replace this pic 
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Effective Interactions of the sterile neutrino

Sterile neutrinos might have new interactions via the exchange of light
or heavy mediators( Higgs, Vector Bosons, Leptoquarks). Heavy me-
diators can be integrated out to get an effective theory: SMNEFT (
νSMEFT).

To lowest order in SMNEFT, the dimension-six B and L conserving
SMNEFT Lagrangian is

LSMNEFT ⊃ LSM + n̄/∂n +
∑

i

CiOi ,

where Ci are the WCs with the scale of new physics absorbed in them,
The 16 baryon and lepton number conserving (∆B = ∆L =0 ) opera-
tors involving the field n in SMNEFT are shown in next slide.



Effective Operators
Construct dim 6 operators with the sterile neutrino.

5
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�B = �L = 0

SMNEFT = SMEFT + N

16 new SMNEFT operators at dimension-six



CC Hadronic Decays Effective Operators

6

N production operator
• We assume N can talk to B quark and is at sub GeV scale
• N can be produced via B meson decay

<latexit sha1_base64="nmmaWt9E8Eaot/oJYVAYaBg65tw="></latexit>

�Le↵ =
4GF Vcbp

2
(OV

LL +
X

X=S,V,T
↵,�=L,R

CX
↵� OX

↵�)
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Onedu ! OV
RR

O`nuq ! OS
LR

O(1)
`nqd ! OS

RR

O(3)
`nqd ! OT

RR

A sterile neutrino can solve the R(D)− R(D∗) puzzle. ( 1211.0348,
1704.06659,1711.09525, 1804.04135,1804.04642, 1810.06597, 1811.04496
....). The NP adds incoherently with SM and enhances rate.



CC B decays with Effective Operators
Even though no deviation in BR there can be striking signatures in angular
distributions. Note large statistics in CC decays with a BR of a few
percent.
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N production from B meson decay
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L ⌘ L (q2, m`, mN , ✓`, �)•   



Signature of N in B decays at Belle 2
For B̄ → D∗+`−ν̄`, N can be produced through mixing or effective
operators. Mixing will alter just the SM operator.
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Same processes in Collider Experiments

RHN Production RHN decay

M− → ℓ− + N̄
M0 → P+ + ℓ− + N̄
M0 → (P+)* + ℓ− + N̄

𝒪LNuQ = (L̄N )(ūQ)
𝒪Nedu = (N̄γμe)(d̄γμu)

𝒪(3)
LNQd = (L̄ jσμνN )ϵjk(Q̄kσμνd)

N̄− → ℓ+ℓ−ν̄

𝒪LNLe = (L̄ jN )ϵjk(L̄ke)
𝒪Ne = (N̄γμN )(ēγμe)
𝒪LN = (N̄γμN )(L̄γμL)

M ∈ B, D, K . . .
P ∈ D, K, π . . .
ℓ ∈ e, μ, τ

N̄− → e+e−ν̄

Dirac vs Majorana in SMNEFT

B− → e− + N̄
B̄0 → D+ + e− + N̄
B̄0 → (D+)* + e− + N̄

LHC FASER
ū

b

e−

N̄
FASER : 480m 
FASER2 (FPF - Cavern) : 615m

N̄ e+
e−

ν̄

Long lived RHN

b c

e−

N̄

d̄ d̄



Same processes in Collider Experiments

Dirac vs Majorana:  
Opening angle distribution

N̄ e+
e−

ν̄

θℓ+ℓ−

SIMULATION: 
RHN production & decay: Modified FORESEE 

FASER Magnetic field simulation: HepJo

Tracking station 3: z = 20m

Total events = 1e4 (Dirac & Majorana)

DETECTOR CONFIGURATION:  
FASER 2 (FPF)  
Cross section = 3x1 m Rectangle 
Decay volume length = 10m 
B = 1 T 



Dark sector in hadronic decays to invisible
states: Eg. B+ → K+ + inv, K → πν̄ν

B+ → K+νν̄ Anomaly about 2.7 σ from SM: Belle II. Same Form
Factors. From lattice:arXiv: 2207.13371, HPQCD

3 4 5 6
106B(B+→ K+νν̄)

ABSW ’09

WS ’12

BGNS ’14

FNAL/MILC ’15

BV ’21

BV ’22

HPQCD ’22

0 2 4 6 8 10105 × Br(B+→K + νν̄)

Average1.3±0.4

BABAR (429 fb-1, hadronic)1.5 ± 1.3   PRD87, 112005
BABAR (418 fb-1, semileptonic)0.2 ± 0.8   PRD82, 112002
Belle (711 fb-1, hadronic)2.9 ± 1.6   PRD87, 111103
Belle (711 fb-1, semileptonic)1.0 ± 0.6   PRD96, 091101
Belle II (63 fb-1, inclusive)1.9 ± 1.5   PRL127, 181802
Belle II (362 fb-1, inclusive)2.7 ± 0.7   This analysis
Belle II (362 fb-1, hadronic)1.1 ± 1.1   This analysis
Belle II (362 fb-1, combined)2.3 ± 0.7   This analysis

SM0.497 ± 0.037



Dark sector in hadronic decays to invisible
states: sterile neutrinos

For di → dj + inv→ dj N̄N - one can study in an effective field theory-
νSMEFT or SMNEFT:

Vector :(N̄pγµNr )(d̄sγ
µdt), (q̄pγµqr )(N̄sγ

µNt).

Scalar-Tensor: (¯̀j
pσµνNr )εjk(q̄ks σ

µνdt), (¯̀j
pNr )εjk(q̄ks dt).

With the B+ → K+ + inv measurement and other B → K ∗ + inv
bounds scalar operators are preferred (arXiv: 2309.02940).Unique sig-
natures in the distributions.

Within SMEFT for B+ → K+ + inv see talk by O. Summensari.
Generally, if one explains b → s`+`− by running of four Fermi operators
B+ → K+ + inv is difficult to explain.



Dark sector in decays to invisible states: Eg.
General light states
Several suggestions to interpret B+ → K+ + inv and B → KX . See talk
by Martin Novoa-Brunet

Theoretical Framework: Invisible Extended SMEFT

u u

b̄ s̄

B+ K(∗)+

∑
X (Emiss)

s

b̄

Bs

∑
X (Emiss)

• Consider additional invisible final states (
∑
X)

– One or two particle final states (avoid phase space suppression)

• X ∈ {ϕ, ψ, Vµ,Ψµ} massive particles of spin J = {0, 1/2, 1, 3/2}
∑

X ∈ {ϕ, V, ϕϕ̄, ψψ̄, V V̄ ,ΨΨ̄}

• Singlet under the SM gauge group SU(3)c × SU(2)L × U(1)Y (can be charged under dark gauge or global
symmetry)

– Leads to only interactions involving gauge-invariant combinations of SM fields

• Interactions through renormalizable dim-4 operators (portals) or higher-dimensional effective operators
(mediated by heavy NP)

L = LSM+X︸ ︷︷ ︸
dim=4

+
∑

i

C
(d)
i O(d)

i︸ ︷︷ ︸
dim>4 4/13



A specific example - Dark Higgs and sterile
neutrino: arXiv: 2310.15136
Motivated by the recent excess observed by Belle 2 in B → K + inv.

A dark Higgs, S , mixes with a general extended unspecified Higgs sector (
see: arXiv:1606.04943, 1908.08625, 2001.06522) and couples to a sterile
neutrino state.

LS ⊃
1

2
(∂µS)2− 1

2
m2

SS
2− ηd

∑

f=d ,`

mf

v
f̄ fS

−
∑

f=u,c,t

ηf
mf

v
f̄ fS − gDS ν̄DνD −

1

4
κSFµνF

µν , (1)

The sterile neutrino νD and the light neutrino mix and are taken to be
Dirac fermion.

να(L,R) =
4∑

i=1

U
(L,R)
αi νi(L,R) , (α = e, µ, τ,D) , (2)

(UL = UR ≡ U). Here, we assume Ue4 ≈ Uτ4 ≈ 0



B → KS and K → πS

LFCNC = gbs s̄PRbS + gsd d̄PRsS ,

gbs ≈
3
√

2GF

16π2
m2

tmb

v
ηtVtbV

∗
ts

and

gsd ≈ 3
√

2GF

16π2
m2

tms

v
VtsV

∗
td

(
ηt + ηc

m2
c

m2
t

VcsV
∗
cd

VtsV ∗td

)

VcsV ∗
cd

VtsV ∗
td
∼ λ−4, λ is the Cabibbo angle..

ηt can be fixed to accommodate the new measurement of B → K+inv.



Neutrino NSI - MiniBooNE Electron like events

Model predicts new effect in neutrino scattering νµ +Z → ν4 +Z and
ν4 decay, ν4 → νµS → νµ + (e+e−, γγ, ν̄µνµ).

Consider as explanation for the MiniBooNE Electron like events. arXiv:
2308.02543( for review).

S

νµ
νD

ν

S

e+

e−

S

νµ
νD

ν

S

γ

γ



MiniBooNE - S model

S

νµ
νD

ν

S

e+

e−

S

νµ
νD

ν

S

γ

γ

LSN = CN ψ̄NψNS ,

CN = ZCp + (A− Z )Cn .

The proton and neutron couplings are related to the quark-scalar couplings
by

Cp =
mp

v

(
ηc f

p
c + ηt f

p
t +

∑

d

ηd f
p
d

)
, Cn =

mn

v

(
ηc f

n
c + ηt f

n
t +

∑

d

ηd f
n
d

)
,



MiniBooNE - S model

The proton and neutron couplings are related to the quark-scalar couplings
by

Cp =
mp

v

(
ηc f

p
c + ηt f

p
t +

∑

d

ηd f
p
d

)
, Cn =

mn

v

(
ηc f

n
c + ηt f

n
t +

∑

d

ηd f
n
d

)
,

ηt and ηc constrained from B → K + inv and K → π + inv decays.

ηd determines coupling of S to electron pairs and so controls B →
Ke+e− and K → πe+e−.

So all terms in the coherent neutrino scattering are constrained from
rare B and K decays.



Predictions - S model

BP B(S → γγ) B(S → νν̄) B(S → e+e−) B(KL → π0νν̄) B(Bs → νν̄) B(B → K (∗)γγ)

1 0.093 0.907 4.26× 10−5 1.71× 10−9 5.13× 10−7 1.3× 10−6

2 0.717 0.282 7.06× 10−4 3.61× 10−11 3.54× 10−7 3.7× 10−5

3 0.496 0.504 5.93× 10−5 9.02× 10−10 4.14× 10−7 1.7× 10−5

4 0.165 0.835 1.10× 10−4 1.73× 10−9 1.43× 10−6 2.65× 10−6

5 0.829 0.170 9.72× 10−4 2.04× 10−10 1.72× 10−7 6.8× 10−5

6 4.58× 10−6 0.999 7.10× 10−4 1.89× 10−9 1.01× 10−6 6.5× 10−11

7 3.95× 10−4 0.997 2.14× 10−3 2.84× 10−9 4.86× 10−7 7.6× 10−9

KL → π0 + inv can be close to the KOTO bound.

Resonance in B → K (∗)γγ is the main prediction.

The branching ratio of S to electron-positron pair is tiny and so b →
s`+`−(B → K (∗)`+`−) decays mostly SM.



Conclusions

The SM continues to be tested in Flavor experiments with global fits.

There are interesting anomalies: More data and theoretical improve-
ment needed.

Sensitivity to dark sectors like sterile neutrino, dark Higgs in Flavor
observables.

Future is exciting as increased statistics will improve sensitivity to BSM
physics.
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