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The case for new physics
• Baryon asymmetry of the universe


• Searches for new sources of quark sector CP violation, CKM 
precision metrology.


• CP violation in the Higgs sector, and in neutrinos.


• Baryon number and lepton number violation.


• Quark and Lepton family flavour & mass hierarchy/spectrum. 
Finite neutrino masses.


• Semileptonic and Leptonic decays, lepton flavour universality 
violation. 


• BSM Higgs in flavour, Leptoquarks etc. 


• Direct searches for mass generation mechanisms.


• No candidate for dark matter


• Dark photons, axion like particles, and WIMP-like (?) dark 
matter, via flavour transitions and direct production.
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Flavour phenomena & possible absence of new physics at LHC point to existence of 
new symmetries at energies beyond the LHC or very low mass scale. 
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Observed:  
(Nbaryon–Nantibaryon)/Nγ ~10-10 
Expected: 
SM  Quark CPV in leads to 10-17.



Phillip URQUIJO

Yukawa mechanism in the quark sector

• The quark flavour structure within the 
SM is described by 6 couplings and 4 
CKM parameters. Convenient to move 
the CKM matrix from the Yukawa to the 
CC sector.
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In the SM quarks are allowed to change flavour as a consequence of the Higgs mechanism to 
generate quark masses. Using Wolfenstein parameterization (A, �,�,	): 
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The quark flavour structure within the SM is described by 6 couplings and 4 CKM parameters. 
In practice, is convenient to move the CKM matrix from the Yukawa sector to the weak current 
sector:  

CKM 

• In the SM quarks are allowed to change 
flavour as a consequence of the Higgs 
mechanism to generate quark masses. 


• Use Wolfenstein parameterisation (A, 
λ,ρ,η).

• All 4 parameters are of order 1, λ~0.22, A~0.82, ρ~0.22, η~0.34)
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Yukawa Mechanism in the lepton sector

• However, the discovery that ν oscillate (and are massive) implies that Lepton Flavour is not 
conserved. The level of Charged Lepton Flavour Violation depends on the mechanism to 
generate neutrino masses (for instance, Seesaw mechanism). 
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In the SM the lepton Yukawa matrices can be diagonalized 
independently due to the global Gl symmetry of the Lagrangian, 
and therefore there are not FCNC. 

However, the discovery that 
oscillate (and 
are massive) implies that Lepton Flavour is 
not conserved. The level of Charged Lepton Flavour Violation depends on the mechanism to 
generate neutrino masses (for instance, Seesaw mechanism). 
 
 
 
 
 
 
 
In general, while quark flavour changing Yukawa couplings to the Higgs are strongly 
suppressed by �f=2 indirect measurements, processes like H!�� or H!�e are only 
loosely bounded (O(10%)). 

PMNS 
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therefore there are no FCNC.
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Flavour structure, VCKM, VPMNS, Masses
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Vus ~√(md /ms)  

Vcb ~(ms /mb)  
Can the “seesaw” mechanism explain the 
different structure between quarks and leptons? 

The SM of Particle Physics
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Q = −1      0     +2/3  −1/3

Suppose we could test matter only with long λ photons

We would conclude that these two particles are 
identical copies except for their mass

These three families of particles seem to be 
identical copies except for their mass

This is exactly the same argument we use to infer flavour universality in the SM

Why these values, are the two related, are they related to masses?
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High mass scales
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• Energy Frontier: Production of new particles 
from collisions at high-Energy (LHC)

•Limited by Beam energy


• Flavour Frontier: virtual production to probe 
scales beyond energy frontier.

•Often first clues about new phenomena, e.g. 
weak force. 

•High precision required: very tiny effects 

Introduction New physics in meson mixing New physics in rare decays Conclusions New physics in the B system

Flavour & collider searches are complementary

⇤

⌅ 2

22F ⇤� = ⇥
⌅

21F ⇤� = ⇥
⌅LHC

CKM-like
flavour violation

generic 
flavour structure

I Sketch of the bounds on new physics with scale ⇤ and flavour changing
parameter �

I Meson-antimeson mixing can probe the highest scales if flavour-violation
is generic (� large)

David Straub (Universe Cluster) 4

EWP
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5.1. INTRODUCTION/THEORY OF FLAVOUR 67
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [258]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [259–262]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

Physics Briefing Book, 
1910.11775

High-pTLow-pT

• SMEFT at  - new sources of flavour violation
• Strong constraints from flavour experiments

dim[!] = 6

The importance of flavour data!

14

ΔF = 2 cLFV EDMs

Admir Greljo | Perspectives in flavour physics

dim[!] = 6
anarchy
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Feeble couplings

• The energy frontier has scoured the 
high energy scales but have we 
overlooked the mass scale of 
ordinary matter? Why haven’t we 
seen anything yet?
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Strong CP 
problem ultra-

light DM

(Axions, ALPs) DM with thermal 

origin (MeV-GeV)

(Dark photons, 

dark scalars, ALPs)

Origin of neutrino 
masses and 
oscillations


(HNLs)

Hierarchy of scales

(Dark scalars)

Inflation

(Dark scalars)

Flavour puzzle

(ALPs)

Matter-antimatter 
asymmetry


(HNLs, dark scalars, 
dark photon)

EW symmetry 
breaking


(Dark scalars)

Feebly 
interacting 

particles
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New physics signatures 

8

Flavour 
changing 

neutral currents

Tests of lepton 
flavour 

universality

New particle 
searches

Forbidden 
decays

• B→ Xs l+l-

• Loop in SM

• Rare at BR < ~10-6

• ALPs 
(Pseudoscalars)


• Higgs-like 
(Scalars)


• Dark photons 
(Vector)

• Lepton flavour 
violating


• Lepton number 
violating


• Forbidden or 
very highly 
suppressed

• Semileptonic or 
leptonic


• BR ratios with τ/
µ, τ/e, µ/e


• Tree or loop

NP searches with leptons

Flavour changing neutral currents

e.g͗�Ɛ�ї�Ěʆʆ͕�ď�ї�Ɛыы

� Loop-level in SM, suppressed by 
GIM mechanism

� Rare decays, BR ~ 10-6 ʹ 10-11

� Need to control theory errors

3

Tests of lepton flavor universality

� Ratios of BR with ʏ/µ, µ/e, ʏ/e 
in final state

� Can be tree-level or loop-level 
transition

� Almost free from theory 
uncertainties since lepton 
flavour is conserved in SM

Forbidden decays

� Lepton flavour violating

� Lepton number violating

� Baryon number violating

� Forbidden or very suppressed 
in SM,  BR~O(10-54)

� Observation is a clear sign of NP

ы+, ʆ

ы-, ʆʹ

ʹ

Can do these searches in different flavour sectors: strange, charm, beauty, tau, muon
Correlations between observables depends on NP type!
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L.Zani, BEAUTY2020 - Search for low-mass NP states at BaBar 7

ALPs in meson decays

� Flavor Changing Neutral Current processes are a perfect 
testbed to search for low mass ALP emitted by a W± ( exploit 
b ? s transitions)

●  B? K  isγγ  extremely rare in the SM and hence uniquely 
sensitive to very small ALP-W coupling g

aW  
●  ~ 1/mτ a

3g2a  γγ: displaced vertex, long-lived particle constraints

E. Izaguirre, T. Lin, B. 
Shuve, PRL 118 (2017)

● ALPs are pseudo-scalars mainly coupling to pairs of gauge bosons, with non-renormalizable coupling constant 
 [gaV ] ~ 1/M

● Most of ALPs searches target gluons or photons coupling at E ~ MeV-GeV 
● W± coupling is usually suppressed at low energy for E<< MW

Search for the process  B± � K±a, a � !!  by looking at narrow peaks in the diphoton 
invariant mass spectrum  - signature searched for the (rst time!

FPCP2021 Shun Watanuki 192021/6/7

Mode BR U.L. (90% CL)

B0→K*0µ+e- <1.2x10-7 (Belle)

B+→K*0µ-e+ <1.6x10-7 (Belle)

B+→K*0µe <1.8x10-7 (Belle)

B+→K+µ-e+ <7.0x10-9 (LHCb)
<3.0x10-8 (Belle)

B+→K+µ+e- <6.4x10-9 (LHCb)
<8.5x10-8 (Belle)

B0→Ks
0µ±e

∓
<1.8x10-7 (Belle)

B+→K+tµ <4.8x10-5 (BaBar)

B+→K+te <3.0x10-5 (BaBar)

B+→K+t+µ- <3.9x10-5 (LHCb)

#$ &̅
' '

ℓ

ℓ′
ℓ, ℓ+ = -, ., /

So far, no signals of LFV
have been found...



Phenomenology 
of missing energy 
B decays
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Anomalies: what makes them interesting?

• High precision expectation, free of QCD 
uncertainties.


• Tend to be anomalous couplings vs generation.

10A. El-Khadra RPF Spring meeting, 16-19 May 2022

Flavor “Anomalies”

4

Cherry-picked selectionPatrick Koppenburg [http://www.scholarpedia.org/article/Rare_decays_of_b_hadrons,  
https://www.nikhef.nl/~pkoppenb/anomalies.html]

theoretical SM 
predictions

experimental 
measurements

common source of theory 
error: QCD effects
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patrick.koppenburg@cern.ch 2022-03-11
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B→ K(*) ν ν
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Motivation

B ! K (⇤)⌫⌫ is a rare process

SM: loop, CKM and GIM suppressed A /
1

16⇡2

P
i=u,c,t V

⇤
ibVis

m2

i
m2

W

) good place to search for New Physics

• sensitive to virtual corrections and new exotic final states

• complete factorisation into hadronic and leptonic part

• Belle II is expected to measure with O(10%) precision
• our work: establish sensitivity of Belle II

• using full set of operators (vector, scalar, tensor)

• including light sterile neutrinos (possibly massive)

Earlier work: Kim, Kim, Morozumi hep-ph/9905528; Aliev, Ozpineci, Savci hep-ph/0101066

Colango, De Fazio, Santorelli, Scrimieri hep-ph/9610297; Altmannshofer, Buras, Straub, Wick 0902.0160; Buras,

Girrbach-Noe, Nieho↵, Straub 1409.4557; . . .
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Generalities

12

LFV effects 1/3

A. Generalities

- Since neutrino flavors are not seen, one can only measure 

, 1,2,3

( ) ( )J

J

I

I

P P P P
=

=′ ′Γ → νν Γ → ν ν∑

- When NP respects the SM gauge symmetries, neutrinos are in doublets, 

,
L

L
−

ν 
=  
 ℓ

I JP P′→ ℓ ℓso                        is necessarily correlated with        .
I JP P′→ ν ν

- Given current bounds,                      ,                   should be very suppressed, 
I JP P′→ ν ν , 1,2I J =

but not much is currently known for the third generation... 
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SMEFT - Comparison to B→h l+ l-
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Interplay of dineutrino modes with 
semileptonic rare B-decays

Rigo Bause et al. JHEP 12 (2021) 061

This paper is organized as follows: The e↵ective field theory (EFT) framework is

introduced in Sec. 2, discussing both high and low energy EFT descriptions of rare B

decays into charged dileptons and dineutrinos, and their relation. In Sec. 3 we present

di↵erential branching ratios and SM branching ratios. Phenomenological implications are

presented in Sec. 4: derived EFT limits on dineutrino branching ratios, bounds on dilepton

couplings using the current upper limits on dineutrino modes. Test of LU with b ! q ⌫⌫̄

decays are presented in Sec. 5, including e↵ects from light RH neutrinos. We conclude in

Sec. 6. Further details on renormalization group equation (RGE) e↵ects, the di↵erential

branching ratios, form factors, global fits, and SM and NP benchmark dineutrino decay

distributions can be found in Appendices A–E.

2 E↵ective theory framework

We give the weak e↵ective theory framework for |�b| = |�q| = 1, q = d, s transitions into

dileptons and dineutrinos in Sec. 2.1. The SMEFT set-up is given in Sec. 2.2.

2.1 Weak E↵ective Theory

Below the electroweak scale, µ < µEW, FCNC interactions between two quarks and two lep-

tons, with flavors ↵, � and i, j, respectively, can be described by the following Hamiltonians

for dineutrinos

H⌫i⌫̄j

e↵
= �4 GFp

2

↵e

4⇡

X

k

CP↵�ij

k
Q↵�ij

k
+ H.c. , (2.1)

and for charged leptons,

H`
�
i `

+
j

e↵
= �4 GFp

2

↵e

4⇡

X

k

KP↵�ij

k
O↵�ij

k
+ H.c. . (2.2)

The superscript P = D (P = U) refers to the down-quark (up-quark) sector, i.e. P↵� = D13

(U12) represents b ! d (c ! u) transitions. The fine structure (Fermi’s) constant is

denoted by ↵e (GF ). The low-energy dynamics of these FCNC transitions are described

by dimension six operators Q↵�ij

k
and O↵�ij

k
. In absence of light right-handed neutrinos,

Eq. (2.1) contains contributions from two operators only,

Q↵�ij

L(R)
=

⇣
q̄ ↵

L(R)
�µq �

L(R)

⌘ ⇣
⌫̄ j

L
�µ⌫ i

L

⌘
. (2.3)

The short-distance dynamics are encoded in the Wilson coe�cients KP↵�ij

k
= KP↵�ij

k,SM
+

KP↵�ij

k,NP
and CP↵�ij

k
= CP↵�ij

k,SM
+ CP↵�ij

k,NP
. In the SM the Wilson coe�cients CD↵�ij

L
are lepton-

flavor universal and can be written as

CD↵�ij

L, SM
= Vt�V ⇤

t↵ XSM �ij , (2.4)

with XSM = � 2X(xt)

sin
2
✓W

= �12.64 ± 0.15 [28, 29], where X(xt) is a loop function depending

on xt = m
2
t

M
2
W

[30, 31]. Here, mt (MW ) denotes the top (W -boson) mass and ✓W the weak

– 3 –

mixing angle. The uncertainty of XSM is dominated by the one of the top mass. Right-

handed quark FCNCs CD↵�ij

R, SM
are suppressed relative to CD↵�ij

L, SM
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

O↵�ij

L(R)
=

⇣
q̄ ↵

L(R)
�µq�

L(R)

⌘ ⇣
¯̀j
L
�µ` i

L

⌘
. (2.5)

Their Wilson coe�cients are related to the ones customary to, for instance, rare b-decay

studies, e.g., [5],

Oij

9
= (s̄L�µbL)

�
¯̀j�µ`i

�
,

Oij

10
= (s̄L�µbL)

�
¯̀j�µ�5`i

�
,

O0ij
9

= (s̄R�µbR)
�
¯̀j�µ`i

�
,

O0ij
10

= (s̄R�µbR)
�
¯̀j�µ�5`i

�
,

(2.6)

as

KD23ij

L
= VtbV

⇤
ts (Cij

9
� Cij

10
) ,

KD23ij

R
= VtbV

⇤
ts (C0ij

9
� C0ij

10
) ,

(2.7)

with the CKM matrix V . Further contributions to b ! q ``0 transitions arise from SU(2)L-

singlet leptons, via Cij

9
+ Cij

10
, C0ij

9
+ C0ij

10
and dipole operators. All of these are taken into

account in the global fits presented in Sec. 5.1 with details given in App. 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 Sec. 5.4.

2.2 Standard Model E↵ective Field Theory

Assuming the scale of NP to be su�ciently separated from the electroweak scale, µEW .
⇤NP, allows to construct the SMEFT with the same dynamical matter fields (Higgs,

fermions) as the SM, consistent with SM gauge symmetry SU(3)C ⇥ SU(2)L ⇥ U(1)Y .

This framework is suitable to link di↵erent sectors in flavor physics. Here we connect

dineutrino and charged dilepton final states.

At leading order in SMEFT, FCNC q� ! q↵ (`�
i

`+

j
, ⌫i ⌫̄j) transitions are governed by

semileptonic four-fermion operators

LSMEFT � LSM +
X

i

Ci

v2
OCi , (2.8)

with

O
C

(1)
`q

= Q̄�µQ L̄�µL , OC`u = Ū�µU L̄�µL ,

O
C

(3)
`q

= Q̄�µ⌧aQ L̄�µ⌧aL , OC`d = D̄�µD L̄�µL ,
(2.9)

– 4 –

SM, SM, Exp. limit Derived Belle II

B ! Fq this work literature (90 % CL) EFT limits 5 ab�1 (50 ab�1)

[10�8] [10�8] [10�6] [10�6] %

B0 ! K0 391 ± 52 460 ± 50 [36] 26 [11] 15 –

B+ ! K+ 423 ± 56 460 ± 50 [36] 16 [10] 16a 30 (11) [36]

B0 ! K⇤ 0 824 ± 99 960 ± 90 [36] 18 [11] 18a 26 (9.6) [36]

B+ ! K⇤ + 893 ± 107 960 ± 90 [36] 40 [12] 19 25 (9.3) [36]

B0
s ! � 981 ± 69 1400 ± 500 [37] 5400 [8] 23 –

B0 ! Xs (28 ± 3) · 102 (29 ± 3) · 102 [22] 640 [9] 78 –

B+ ! Xs (30 ± 3) · 102 (29 ± 3) · 102 [22] 640 [9] 84 –

B0 ! ⇡0 5.4 ± 0.6 7.3 ± 0.7 [38] 9 [11] 6 –

B+ ! ⇡+ 12 ± 1 14 ± 1 [38] 14 [11] 14a –

B0 ! ⇢0
22 ± 8

20 ± 10 [37] 40 [11] 14 –
16 ± 2 †

B+ ! ⇢+
48 ± 18

42 ± 20 [37] 30 [11] 30a –
34 ± 4 †

B0
s ! K0 13 ± 3 27 ± 16 [37] – 26 –

B0
s ! K⇤0 36 ± 3 – – 24 –

B0 ! Xd (1.3 ± 0.1) · 102 (1.7 ± 0.5) · 102 [37] – 114 –

B+ ! Xd (1.4 ± 0.1) · 102 (1.7 ± 0.5) · 102 [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 Eqs. (4.1) and (4.2) are displayed in the fifth column,
while Belle II sensitivities for 5 ab�1 (50 ab�1) from Ref. [36] are displayed in the last column.
aInput. †Normalized to B(B ! ⇢ ` ⌫`)exp, see App. C.2 for details. Di↵erences between our SM
predictions and the literature are due to updated CKM values and form factor improvements.

Integrating the di↵erential branching ratios given in Eq. (3.1), one finds

B(B ! Fq ⌫⌫̄) = A
BFq
+

x+

bq
+ A

BFq
� x�

bq
, (3.4)

where

A
BFq
± =

Z
q
2
max

q
2
min

dq2 a
BFq
± (q2) . (3.5)

Here q2
max = (mB � mFq)

2 for the exclusive modes and q2
max = (mb � mq)2 for inclusive

modes, while q2

min
= 0 in all modes. mFq (mB) denotes the mass of the hadronic final

state (B meson). In Tab. 1, we provide the central values of A
BFq
± with their symmetrized

uncertainties.
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mixing angle. The uncertainty of XSM is dominated by the one of the top mass. Right-

handed quark FCNCs CD↵�ij

R, SM
are suppressed relative to CD↵�ij

L, SM
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

O↵�ij

L(R)
=

⇣
q̄ ↵

L(R)
�µq�

L(R)

⌘ ⇣
¯̀j
L
�µ` i

L

⌘
. (2.5)

Their Wilson coe�cients are related to the ones customary to, for instance, rare b-decay

studies, e.g., [5],

Oij

9
= (s̄L�µbL)

�
¯̀j�µ`i

�
,

Oij

10
= (s̄L�µbL)

�
¯̀j�µ�5`i

�
,

O0ij
9

= (s̄R�µbR)
�
¯̀j�µ`i

�
,

O0ij
10

= (s̄R�µbR)
�
¯̀j�µ�5`i

�
,

(2.6)

as

KD23ij

L
= VtbV

⇤
ts (Cij

9
� Cij

10
) ,

KD23ij

R
= VtbV

⇤
ts (C0ij

9
� C0ij

10
) ,

(2.7)

with the CKM matrix V . Further contributions to b ! q ``0 transitions arise from SU(2)L-

singlet leptons, via Cij

9
+ Cij

10
, C0ij

9
+ C0ij

10
and dipole operators. All of these are taken into

account in the global fits presented in Sec. 5.1 with details given in App. 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 Sec. 5.4.

2.2 Standard Model E↵ective Field Theory

Assuming the scale of NP to be su�ciently separated from the electroweak scale, µEW .
⇤NP, allows to construct the SMEFT with the same dynamical matter fields (Higgs,

fermions) as the SM, consistent with SM gauge symmetry SU(3)C ⇥ SU(2)L ⇥ U(1)Y .

This framework is suitable to link di↵erent sectors in flavor physics. Here we connect

dineutrino and charged dilepton final states.

At leading order in SMEFT, FCNC q� ! q↵ (`�
i

`+

j
, ⌫i ⌫̄j) transitions are governed by

semileptonic four-fermion operators

LSMEFT � LSM +
X

i

Ci

v2
OCi , (2.8)

with

O
C

(1)
`q

= Q̄�µQ L̄�µL , OC`u = Ū�µU L̄�µL ,

O
C

(3)
`q

= Q̄�µ⌧aQ L̄�µ⌧aL , OC`d = D̄�µD L̄�µL ,
(2.9)
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This paper is organized as follows: The e↵ective field theory (EFT) framework is

introduced in Sec. 2, discussing both high and low energy EFT descriptions of rare B

decays into charged dileptons and dineutrinos, and their relation. In Sec. 3 we present

di↵erential branching ratios and SM branching ratios. Phenomenological implications are

presented in Sec. 4: derived EFT limits on dineutrino branching ratios, bounds on dilepton

couplings using the current upper limits on dineutrino modes. Test of LU with b ! q ⌫⌫̄

decays are presented in Sec. 5, including e↵ects from light RH neutrinos. We conclude in

Sec. 6. Further details on renormalization group equation (RGE) e↵ects, the di↵erential

branching ratios, form factors, global fits, and SM and NP benchmark dineutrino decay

distributions can be found in Appendices A–E.

2 E↵ective theory framework

We give the weak e↵ective theory framework for |�b| = |�q| = 1, q = d, s transitions into

dileptons and dineutrinos in Sec. 2.1. The SMEFT set-up is given in Sec. 2.2.

2.1 Weak E↵ective Theory

Below the electroweak scale, µ < µEW, FCNC interactions between two quarks and two lep-

tons, with flavors ↵, � and i, j, respectively, can be described by the following Hamiltonians

for dineutrinos

H⌫i⌫̄j

e↵
= �4 GFp

2

↵e

4⇡

X

k

CP↵�ij

k
Q↵�ij

k
+ H.c. , (2.1)

and for charged leptons,

H`
�
i `

+
j

e↵
= �4 GFp

2

↵e

4⇡

X

k

KP↵�ij

k
O↵�ij

k
+ H.c. . (2.2)

The superscript P = D (P = U) refers to the down-quark (up-quark) sector, i.e. P↵� = D13

(U12) represents b ! d (c ! u) transitions. The fine structure (Fermi’s) constant is

denoted by ↵e (GF ). The low-energy dynamics of these FCNC transitions are described

by dimension six operators Q↵�ij

k
and O↵�ij

k
. In absence of light right-handed neutrinos,

Eq. (2.1) contains contributions from two operators only,

Q↵�ij

L(R)
=

⇣
q̄ ↵

L(R)
�µq �

L(R)

⌘ ⇣
⌫̄ j

L
�µ⌫ i

L

⌘
. (2.3)

The short-distance dynamics are encoded in the Wilson coe�cients KP↵�ij

k
= KP↵�ij

k,SM
+

KP↵�ij

k,NP
and CP↵�ij

k
= CP↵�ij

k,SM
+ CP↵�ij

k,NP
. In the SM the Wilson coe�cients CD↵�ij

L
are lepton-

flavor universal and can be written as

CD↵�ij

L, SM
= Vt�V ⇤

t↵ XSM �ij , (2.4)

with XSM = � 2X(xt)

sin
2
✓W

= �12.64 ± 0.15 [28, 29], where X(xt) is a loop function depending

on xt = m
2
t

M
2
W

[30, 31]. Here, mt (MW ) denotes the top (W -boson) mass and ✓W the weak
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Generic constraints on new operators LEFT
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LEFT operator basis [Jenkins, Manohar, Sto↵er 1711.05270]

Express everything in terms of LH Weyl spinors NR $ ⌫c
L

L =
X

X=L,R

CVLX

⌫d O
VLX

⌫d +

0

@
X

X=L,R

CSLX

⌫d O
SLX

⌫d + CTLL

⌫d O
TLL

⌫d + h.c.

1

A

O
VLL

⌫d = (⌫L�µ⌫L)(dL�
µdL) O

VLR

⌫d = (⌫L�µ⌫L)(dR�µdR)

O
SLL

⌫d = (⌫c
L⌫L)(dRdL) O

SLR

⌫d = (⌫c
L⌫L)(dLdR)

O
TLL

⌫d = (⌫c
L�µ⌫⌫L)(dR�µ⌫dL)

• CSLX
⌫d symmetric in neutrino flavour indices

• CTLL
⌫d antisymmetric in neutrino flavour indices

• NP CVLX
⌫d interfere with SM

CVLL,SM
⌫d,↵↵sb = �

4GF
p
2

↵

2⇡
V ⇤
tsVtb

✓
X

sin2 ✓W

◆
Brod, Gorbahn, Stamou 1009.0947

• ⌫ dipole operators at 1-loop, strongly constrained, not included 3
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One operator with massless neutrinos

Current Bound Future Sensitivity (50 ab�1)

Operator
Value

[TeV�2]
NP scale
[TeV]

Observable
Value

[TeV�2]
NP scale
[TeV]

Observable

O
VLL,NP

⌫d ,↵↵sb 0.028 6 B ! K ⇤⌫⌫ 0.023 7 B ! K (⇤)⌫⌫

O
VLR

⌫d ,↵↵sb 0.021 7 B ! K⌫⌫ 0.002 25 B ! K (⇤)⌫⌫

O
VLL

⌫d ,��sb 0.014 9 B ! K ⇤⌫⌫ 0.006 13 B ! K (⇤)⌫⌫

O
SLL

⌫d ,��sb 0.012 10 B ! K (⇤)⌫⌫ 0.002 25 B ! K⌫⌫

O
SLL

⌫d ,��sb 0.009 10 B ! K (⇤)⌫⌫ 0.002 25 B ! K⌫⌫

O
TLL

⌫d ,��sb 0.002 25 B ! K ⇤⌫⌫ 0.0009 35 B ! K ⇤⌫⌫

↵ 2 {1, 2, 3} and � 6= � arbitrary

⇤NP =
1q

|CXLY
⌫d |
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Two operators with massless neutrinos – vector
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Two operators with massless neutrinos – vector
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• Current constraints solid purple and green lines

• Viable light (dark) regions if SM predictions are confirmed by Belle II

with 5(50) ab�1

• Black dotted (dashed) B ! Xs⌫⌫ with 50% (20%) precision
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LFU tests with B→ h νν
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obtained for charged B-decay modes, which su↵er from ⌧ -background contributions, see

Eq. (3.6), and are therefore not shown.
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Figure 4. Di↵erential branching ratio for B0 ! K0⌫⌫̄, B0 ! K⇤0⌫⌫̄, B0
s

! � ⌫⌫̄, B0 ! Xs ⌫⌫̄,
B0 ! ⇡0 ⌫⌫̄, and B0 ! ⇢0 ⌫⌫̄ in the SM and two NP benchmark scenarios, “benchmark gen-
eral” using the derived EFT bounds (4.1) and (4.2) for b ! s ⌫⌫̄ and b ! d ⌫⌫̄, respectively, and
“benchmark LU” (3.1) together with the experimental limits from Tab. 2. See text for details.
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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(B0 ! K⇤0 ⌫⌫̄) versus B(B+ ! K+ ⌫⌫̄). SM predictions (blue diamond) with
their uncertainties (blue bars) from Tab. 2, where we have included the resonant ⌧ -background
in the charged mode as an additional uncertainty (cf. Sec. 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 bsµµ

R
and A± have been scanned within

their 1 � (2 �) uncertainties. The light green region represents the validity of our EFT framework,
Eqs. (4.1) and (4.2). Assuming Eq. (5.8), we provide specific LU BSM benchmarks, which result
in best fit values (markers) and 1� regions (ellipses) for Z 0 (red star), LQ representations S3 (pink
pentagon) and V3 (celeste triangle) from b ! s µ+µ� global fits. Hatched gray bands correspond to
current experimental 90% CL upper limits in Tab. 2. The widths of the yellow boxes illustrate the
projected experimental sensitivity of Belle II with 50 ab�1 in Tab. 2. Lower left: Similar to upper
left plot, but for B(B0 ! K⇤0 ⌫⌫̄) versus B(B0 ! K0 ⌫⌫̄). Upper right: B(B0 ! ⇢0⌫⌫̄) versus
B(B+ ! ⇡+⌫⌫̄) with labeling similar to upper left plot. The plot includes a zoom into the region
around the SM expectation. The ⌧ -background (solid blue line) is not included as an uncertainty in
B+ ! ⇡+ ⌫⌫̄ as it dominates the SM prediction by two orders of magnitude. Lower right: Similar
to upper right plot but for B(B0 ! ⇢0 ⌫⌫̄) versus B(B0 ! ⇡0 ⌫⌫̄).

a violation of LU, while a measurement inside this region does not necessarily imply LU

conservation. The SM predictions from Tab. 2 are depicted as a blue diamond with their

uncertainties (blue bars). The light green region represents the validity of our EFT frame-

work, previously given by Eqs. (4.1) and (4.2). The hatched bands correspond to current
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Search for events with missing 
energy, particle disappearance, 
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final state events, etc.

● Vector portal

● Axion portal 

● Scalar portal

● Neutrino portal

● More ...

ϵFY
μ ν
F 'μν (dark photon A ') ,∑

l

θ g ' l̄ γμ
Z 'μ l (dark Z ')

Gagg

4
aGμ ν

~
G

μ ν+
Ga γγ

4
a Fμν

~
F

μν (axion ,alps)

λ H 2S2+μ H 2S (dark Higgs )

k (HL)N (sterile neutrinos )

“Hidden sector” models

 Les Rencontres de Physique de la Vallée d'Aoste La Thuile 10-16/02/2019  Gianluca Inguglia

6

The Dark Sector Paradigm

Standard
Model

Mediator

Portal
Dark 

Sector

Non-gravitational 
interaction with 
ordinary matter

• Dark matter 
• Dark forces
• Other dark particles

19

Light thermal DM interacting via weak interactions 
generically overproduced. 


Lee-Weinberg bound evaded with new light mediators
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searches at LEP [35]. LEP currently gives the strongest
constraints on a over much of the parameter space we
consider, although it can easily be superseded by searches
for a in rare meson decays.
The invisible ALP.—Up to this point, we have assumed

that the ALP is produced and decays through the minimal
interaction given in Eq. (2). However, since ALPs are
relatively weakly coupled to SM particles, they are also
excellent candidates for mediators between the SM and
hidden sectors. If the hidden-sector particles are lighter
than a, the ALP can have a large branching fraction to
invisible states. Our results for invisibly decaying ALPs are
summarized in Fig. 3.
Invisible ALP production in rare meson decays can be

detected via missing mass and/or momentum. A promising
mode is the B → K þ invisible reaction [71,72]. A recent
BABAR search for B → Kνν̄ reported sensitivity to this
final state at the level of 10−5 in branching fraction [73],
and provided limits in bins of M2

inv=M
2
B with a maximum

value of M2
inv=M

2
B ≤ 0.8. We applied the results of the

seach for the Bþ → Kþνν̄ final state to Bþ → Kþa, taking
the 2σ upper limit from the appropriate bin for a given Ma.
This result is shown in Fig. 3, along with a projection for
Belle II, where we assume that the statistical uncertainty
dominates in the measurement.
We also derive a 90% C.L. limit on ALP production in

K → πa, a → invisible (shown in Fig. 3) using the results
of E787 and E949 [74], which searched for the SM process

K" → π"ν̄ν in two separate momentum bins [75,76]. We
include a projection for the results of the upcoming NA62
experiment, the goal of which is to observe 80 signal events
for K" → π"ν̄ν with very high signal purity [77]. In our
projection, we scale the E787=E949 results by the ratio of
the uncertainty on the SM process, assuming only statistical
uncertanties for NA62.
Direct production of invisibly-decaying ALPs at lepton

colliders arises from processes such as eþe− → γa,
a → invisible via the ALP couplings to γγ and γZ. An
existing monophoton and missing momentum search at
BABAR constrains invisible ALPs within kinematic reach.
We reinterpret the results of a search for untagged
Υð3SÞ → γA0, A0 → invisibles from Ref. [78] (for more
details, see Refs. [79,80]). We find a limit from BABAR of
gaW ∼ ð500 GeVÞ−1, as shown in Fig. 3. Moreover, we
estimate that Belle II will extend coverage to gaW ∼
ð2 TeVÞ−1 for Ma > 1 GeV, where the search is statistics
limited. For Ma < 1 GeV, there is a large systematic error
and the improvement in sensitivity for Belle II is less
pronounced, although this could be ameliorated by
improvements in background estimation methods. We find
that production of ALPs in meson decays provide superior
sensitivity for Ma < Mb, while monophoton searches
provide complementary sensitivity above the B mass.
Analogously, LEP monophoton and missing momentum
searches provide complementary coverage at still larger
masses [81], although we find these searches are subdomi-
nant to B factories for ALP masses below ∼10 GeV.
Conclusions and discussion.—In this Letter, we have

studied the overlooked coupling of axionlike particles to
W" bosons. We find that ALPs in the 10 MeV < Ma ≲
10 GeV mass range can be exquisitely probed with current
and upcoming low-energy, high-intensity accelerator
experiments. In particular, rare FCNC meson decays, along
with dedicated direct searches for ALP production at B
factories, have the potential to improve sensitivity to
ALP-SM couplings by almost 3 orders of magnitude.
We have restricted our study to the effective interaction

shown in Eq. (3), which is independent of the specific UV
completion of the EFT in Eq. (2). However, we note that
additional direct couplings of the ALP to SM fermions can
be generated by renormalization-group evolution from the
UV cutoff, resulting in cutoff-dependent contributions to
gadidj [44,45]. The cutoff Λ satisfies Λ ∼ αWg−1aW , and we
find that the UV-dependent contributions to ALP produc-
tion are always subdominant to the UV-independent
coupling in Eq. (3) for our parameter space. These
UV-dependent couplings could, however, induce very rare
ALP decays such as a → μþμ−, which could be discovered
in future B → K%a, a → μþμ− searches and allow for a
determination of the UV scale in combination with mea-
surements in the diphoton channel.
Finally, the portal studied in this Letter is ripe for

exploration at high-energy hadron colliders due to the

FIG. 3. Sensitivity of existing and planned searches to the ALP
parameter space assuming the ALP decays invisibly. We apply a
BABAR search for B → Kνν̄ to constrain the decay B → Ka
(shaded blue); this bound can be further improved with Belle II
(dashed blue). Similarly, data from E787 and E949 are used to
constrainK → πa in two mass ranges (shaded red), with expected
improvements from NA62 (dot-dashed red). We show bounds on
eþe− → aγ from a BABAR mono − γ search (shaded orange) and
the estimated reach for the same search at Belle II (dotted).
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prospects for discovery. Rare meson decays are already
powerful probes of low-mass scalars possessing a direct
coupling to quarks [40–49], but our results show that ALPs
can be discovered in these channels even if no direct
coupling to quarks is present at leading order. Our proposed
ALP signatures also predict the dominant a → γγ decay
instead of the fermionic decays which are most important
when a couples directly to SM fermions.
In the remainder of this Letter, we first present the ALP

effective field theory (EFT). We subsequently derive the
rates of ALP production in the most promising channels,
namely, B → Kð"Þa, a → γγ, and K → πa, a → γγ. Next,
we examine the prospects for direct ALP production at
present and upcoming B factories. Finally, we study the
complementary scenario in which the ALP decays pre-
dominantly into invisible states, determining the sensitivity
of current and upcoming facilities to this possibility.
ALP production in FCNC decays.—For concreteness, we

consider a simplified model where the ALP couples only to
the field strengths of the SUð2ÞW gauge bosons,

L ¼ ð∂μaÞ2 −
1

2
M2

aa2 −
gaW
4

aWa
μν

~Waμν; ð2Þ

where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions charged
under the PQ symmetry possess only SUð2ÞW gauge
interactions, although models where a additionally couples
to the hypercharge gauge bosons give qualitatively similar
results (see Supplemental Material [50]). After electroweak
symmetry breaking, the coupling gaW generates inter-
actions between a and WþW−, as well as ZZ, Zγ, and
γγ in ratios given by the weak mixing angle.
We have computed the contribution of Eq. (2) to the

amplitude for di → dja depicted in Fig. 1. The result is
replicated by the following effective interaction (assuming
negligible up-quark mass):

Ldi→dj ⊃ −gadidjð∂μaÞd̄jγμPLdi þ H:c:;

gadidj ≡ −
3

ffiffiffi
2

p
GFM2

WgaW
16π2

X

α∈c;t
VαiV"

αjfðM2
α=M2

WÞ;

fðxÞ≡ x½1þ xðlog x − 1Þ'
ð1 − xÞ2

; ð3Þ

where GF is the Fermi constant and Vij are the relevant
entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that fðxÞ ≈ x for x ≪ 1 such that the inter-
action is proportional to M2

α=M2
W for Mα ≪ MW. There

is an additional contribution to the effective coupling
suppressed by factors of the external quark masses
(∼M2

di
=M2

W) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite and

depends only on the IR value of the effective coupling gaW :
while individual diagrams in Fig. 1 are UV divergent, the

divergences cancel when summed over intermediate up-
type quark flavors. Because the divergent terms are
independent of quark mass, the unitarity of the CKM
matrix requires that they sum to zero. This is in contrast
with models possessing a direct ALP-quark coupling, in
which the FCNC rate is sensitive to the UV completion of
the theory [44,45].
Diphoton searches for ALPs.—We now discuss the

prospects for the sensitivity of current and future probes
to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: secon-
dary ALP production from rare decays of SM mesons, and
primary ALP production at colliders.
ALP production in rare meson decays is, by far, the most

promising new search mode. The quark coupling in Eq. (3)
mediates FCNC decays of heavy-flavor mesons such as
B → Kð"Þa and K → πa. To compute the rates of B-meson
decays to pseudoscalar and vector mesons, we employ the
hadronic matrix elements calculated using light-cone QCD
sum rules [51,52]. For K( → π(a, we use the hadronic
matrix element resulting from the conserved vector current
hypothesis [53–55] in the flavor-SU(3) limit assuming
small momenta. The matrix element for K0 → π0a is
related to that of K( → π(a by isospin symmetry, and
so the matrix element for the KL (KS) mass eigenstate is
found by taking the imaginary (real) part of the K( → π(a
matrix element [56]. We keep only the leading terms from
Eq. (3) that are unsuppressed by external momenta. The
decay rates are

ΓðB → KaÞ ¼ M3
B

64π
jgabsj2

"
1 −

M2
K

M2
B

#
2

f20ðM2
AÞλ

1=2
Ka ;

ΓðB → K"aÞ ¼ M3
B

64π
jgabsj2A2

0ðM2
aÞλ

3=2
K"a;

ΓðKþ → πþaÞ ¼
M3

Kþ

64π

"
1 −

M2
πþ

M2
Kþ

#2

jgasdj2λ
1=2
πþa;

ΓðKL → π0aÞ ¼
M3

KL

64π

"
1 −

M2
π0

M2
KL

#2

ImðgasdÞ2λ
1=2
π0a;

where λKa ¼ f1− ½ðMa þMKÞ2=M2
B'gf1− ½ðMa −MKÞ2=

M2
B'g, along with analogously defined λK"a, and λπþ;0a.

f0ðqÞ and A0ðqÞ are appropriate form factors from the
hadronic matrix elements, obtained from Refs. [51] and
[52], respectively. For the a mass range we study,
Ma ≪ MW , the dominant decay mode is a → γγ.
We begin our phenomenological study with the signature

B → Kð"Þa, a → γγ, which has the best sensitivity to ALPs.
While the same rare meson decay with a → γγ is also
predicted in models with pseudoscalars possessing only
direct quark couplings [48], the diphoton mode is only
dominant for ALP masses below the pion threshold in those
scenarios. Moreover, to our knowledge, no such search
has been carried out, nor has the SM continuum process
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We propose new searches for axionlike particles (ALPs) produced in flavor-changing neutral current
(FCNC) processes. This proposal exploits the often-overlooked coupling of ALPs toW! bosons, leading to
FCNC production of ALPs even in the absence of a direct coupling to fermions. Our proposed searches for
resonant ALP production in decays such as B → Kð#Þa, a → γγ, and K → πa, a → γγ could greatly
improve upon the current sensitivity to ALP couplings to standard model particles. We also determine
analogous constraints and discovery prospects for invisibly decaying ALPs.
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Introduction.—Axionlike particles (ALPs) are among
the best-motivated candidates for particle extensions of the
standard model (SM). ALPs arise as the Goldstone bosons
of any theory with a Peccei-Quinn symmetry (PQ) [1–3],
which is a spontaneously broken global symmetry that
is anomalous with respect to the SM gauge interactions. PQ
symmetries, and hence ALPs, are ubiquitous in theories
beyond the SM such as string theory [4–7] and supersym-
metry [8–10]. ALPs were originally motivated by dynami-
cal solutions to the strong-CP problem [1–3], although
recent proposals suggest that ALP dynamics could also
resolve the hierarchy problem [11].
Because ALPs are pseudo-Goldstone bosons, their

properties are more constrained than arbitrary scalar fields.
In particular, the shift invariance associated with the
anomalous symmetry protects ALP masses from radiative
corrections and so their masses can naturally take on any
value. Furthermore, their interactions with SM fields arise
through higher-dimensional (or otherwise suppressed)
operators, and these feeble couplings naturally situate
ALPs within models of hidden sectors, either as the dark
matter candidate itself [12–14] or as a mediator through
the “axion portal” [15]. This has driven a comprehen-
sive laboratory search program ranging from high-energy
collider physics to condensed matter systems (see, for
example, Refs. [16–38]).
In the simplest models, ALPs couple to the SM gauge

boson field strengths according to the anomaly of the
corresponding PQ symmetry,

L ⊃ −
gaV
4

aVμν
~Vμν; ð1Þ

where a is the ALP field, ~Vμν ¼ ϵμνρσVρσ=2, and Vμν is the
gauge boson field strength for a SM vector boson V. In
principle, a can interact with all three SM gauge fields, with
the relative couplings determined by the gauge charges of

the fermion fields giving rise to the PQ symmetry anomaly.
Phenomenological studies of ALPs typically focus on their
couplings to gluons and photons, since these largely
determine the rates of ALP interactions at energies well
below the electroweak scale. For example, the dominant
constraints on ALPs for Ma ∼MeV − GeV arise from
beam-dump experiments [16–19,36] and high-energy col-
liders [20,30,32–35] through the coupling of ALPs to
photons. By contrast, the couplings of ALPs to electroweak
gauge bosons are often neglected because their effects are
suppressed for energies E ≪ MW , and the corresponding
constraints are presumed to be subdominant.
Contrary to this lore, we show in this Letter that

couplings of ALPs to W! bosons can give rise to
observable signatures and may, in fact, provide the best
sensitivity to ALPs for masses below 5 GeV. ALPs with
aW ~W couplings can be emitted in flavor-changing neutral
current (FCNC) processes such as those shown in Fig. 1.
In the scenario where the ALP couples predominantly
to electroweak gauge bosons, the subsequent decay of
the ALP into photons gives rise to signatures such as
B → Kð#Þa, a → γγ. Since SM rates for such FCNC
processes are small [39], ALP production in FCNC decays
therefore provides a striking signature with excellent

FIG. 1. Axionlike particle production in flavor-changing down-
type quark decay, di → dj þ a.
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prospects for discovery. Rare meson decays are already
powerful probes of low-mass scalars possessing a direct
coupling to quarks [40–49], but our results show that ALPs
can be discovered in these channels even if no direct
coupling to quarks is present at leading order. Our proposed
ALP signatures also predict the dominant a → γγ decay
instead of the fermionic decays which are most important
when a couples directly to SM fermions.
In the remainder of this Letter, we first present the ALP

effective field theory (EFT). We subsequently derive the
rates of ALP production in the most promising channels,
namely, B → Kð"Þa, a → γγ, and K → πa, a → γγ. Next,
we examine the prospects for direct ALP production at
present and upcoming B factories. Finally, we study the
complementary scenario in which the ALP decays pre-
dominantly into invisible states, determining the sensitivity
of current and upcoming facilities to this possibility.
ALP production in FCNC decays.—For concreteness, we

consider a simplified model where the ALP couples only to
the field strengths of the SUð2ÞW gauge bosons,

L ¼ ð∂μaÞ2 −
1

2
M2

aa2 −
gaW
4

aWa
μν

~Waμν; ð2Þ

where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions charged
under the PQ symmetry possess only SUð2ÞW gauge
interactions, although models where a additionally couples
to the hypercharge gauge bosons give qualitatively similar
results (see Supplemental Material [50]). After electroweak
symmetry breaking, the coupling gaW generates inter-
actions between a and WþW−, as well as ZZ, Zγ, and
γγ in ratios given by the weak mixing angle.
We have computed the contribution of Eq. (2) to the

amplitude for di → dja depicted in Fig. 1. The result is
replicated by the following effective interaction (assuming
negligible up-quark mass):

Ldi→dj ⊃ −gadidjð∂μaÞd̄jγμPLdi þ H:c:;

gadidj ≡ −
3

ffiffiffi
2

p
GFM2

WgaW
16π2

X

α∈c;t
VαiV"

αjfðM2
α=M2

WÞ;

fðxÞ≡ x½1þ xðlog x − 1Þ'
ð1 − xÞ2

; ð3Þ

where GF is the Fermi constant and Vij are the relevant
entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that fðxÞ ≈ x for x ≪ 1 such that the inter-
action is proportional to M2

α=M2
W for Mα ≪ MW. There

is an additional contribution to the effective coupling
suppressed by factors of the external quark masses
(∼M2

di
=M2

W) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite and

depends only on the IR value of the effective coupling gaW :
while individual diagrams in Fig. 1 are UV divergent, the

divergences cancel when summed over intermediate up-
type quark flavors. Because the divergent terms are
independent of quark mass, the unitarity of the CKM
matrix requires that they sum to zero. This is in contrast
with models possessing a direct ALP-quark coupling, in
which the FCNC rate is sensitive to the UV completion of
the theory [44,45].
Diphoton searches for ALPs.—We now discuss the

prospects for the sensitivity of current and future probes
to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: secon-
dary ALP production from rare decays of SM mesons, and
primary ALP production at colliders.
ALP production in rare meson decays is, by far, the most

promising new search mode. The quark coupling in Eq. (3)
mediates FCNC decays of heavy-flavor mesons such as
B → Kð"Þa and K → πa. To compute the rates of B-meson
decays to pseudoscalar and vector mesons, we employ the
hadronic matrix elements calculated using light-cone QCD
sum rules [51,52]. For K( → π(a, we use the hadronic
matrix element resulting from the conserved vector current
hypothesis [53–55] in the flavor-SU(3) limit assuming
small momenta. The matrix element for K0 → π0a is
related to that of K( → π(a by isospin symmetry, and
so the matrix element for the KL (KS) mass eigenstate is
found by taking the imaginary (real) part of the K( → π(a
matrix element [56]. We keep only the leading terms from
Eq. (3) that are unsuppressed by external momenta. The
decay rates are

ΓðB → KaÞ ¼ M3
B

64π
jgabsj2

"
1 −

M2
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M2
B

#
2

f20ðM2
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ΓðKþ → πþaÞ ¼
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where λKa ¼ f1− ½ðMa þMKÞ2=M2
B'gf1− ½ðMa −MKÞ2=

M2
B'g, along with analogously defined λK"a, and λπþ;0a.

f0ðqÞ and A0ðqÞ are appropriate form factors from the
hadronic matrix elements, obtained from Refs. [51] and
[52], respectively. For the a mass range we study,
Ma ≪ MW , the dominant decay mode is a → γγ.
We begin our phenomenological study with the signature

B → Kð"Þa, a → γγ, which has the best sensitivity to ALPs.
While the same rare meson decay with a → γγ is also
predicted in models with pseudoscalars possessing only
direct quark couplings [48], the diphoton mode is only
dominant for ALP masses below the pion threshold in those
scenarios. Moreover, to our knowledge, no such search
has been carried out, nor has the SM continuum process
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prospects for discovery. Rare meson decays are already
powerful probes of low-mass scalars possessing a direct
coupling to quarks [40–49], but our results show that ALPs
can be discovered in these channels even if no direct
coupling to quarks is present at leading order. Our proposed
ALP signatures also predict the dominant a → γγ decay
instead of the fermionic decays which are most important
when a couples directly to SM fermions.
In the remainder of this Letter, we first present the ALP

effective field theory (EFT). We subsequently derive the
rates of ALP production in the most promising channels,
namely, B → Kð"Þa, a → γγ, and K → πa, a → γγ. Next,
we examine the prospects for direct ALP production at
present and upcoming B factories. Finally, we study the
complementary scenario in which the ALP decays pre-
dominantly into invisible states, determining the sensitivity
of current and upcoming facilities to this possibility.
ALP production in FCNC decays.—For concreteness, we

consider a simplified model where the ALP couples only to
the field strengths of the SUð2ÞW gauge bosons,

L ¼ ð∂μaÞ2 −
1

2
M2

aa2 −
gaW
4

aWa
μν

~Waμν; ð2Þ

where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions charged
under the PQ symmetry possess only SUð2ÞW gauge
interactions, although models where a additionally couples
to the hypercharge gauge bosons give qualitatively similar
results (see Supplemental Material [50]). After electroweak
symmetry breaking, the coupling gaW generates inter-
actions between a and WþW−, as well as ZZ, Zγ, and
γγ in ratios given by the weak mixing angle.
We have computed the contribution of Eq. (2) to the

amplitude for di → dja depicted in Fig. 1. The result is
replicated by the following effective interaction (assuming
negligible up-quark mass):

Ldi→dj ⊃ −gadidjð∂μaÞd̄jγμPLdi þ H:c:;

gadidj ≡ −
3

ffiffiffi
2

p
GFM2

WgaW
16π2

X

α∈c;t
VαiV"

αjfðM2
α=M2

WÞ;

fðxÞ≡ x½1þ xðlog x − 1Þ'
ð1 − xÞ2

; ð3Þ

where GF is the Fermi constant and Vij are the relevant
entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that fðxÞ ≈ x for x ≪ 1 such that the inter-
action is proportional to M2

α=M2
W for Mα ≪ MW. There

is an additional contribution to the effective coupling
suppressed by factors of the external quark masses
(∼M2

di
=M2

W) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite and

depends only on the IR value of the effective coupling gaW :
while individual diagrams in Fig. 1 are UV divergent, the

divergences cancel when summed over intermediate up-
type quark flavors. Because the divergent terms are
independent of quark mass, the unitarity of the CKM
matrix requires that they sum to zero. This is in contrast
with models possessing a direct ALP-quark coupling, in
which the FCNC rate is sensitive to the UV completion of
the theory [44,45].
Diphoton searches for ALPs.—We now discuss the

prospects for the sensitivity of current and future probes
to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: secon-
dary ALP production from rare decays of SM mesons, and
primary ALP production at colliders.
ALP production in rare meson decays is, by far, the most

promising new search mode. The quark coupling in Eq. (3)
mediates FCNC decays of heavy-flavor mesons such as
B → Kð"Þa and K → πa. To compute the rates of B-meson
decays to pseudoscalar and vector mesons, we employ the
hadronic matrix elements calculated using light-cone QCD
sum rules [51,52]. For K( → π(a, we use the hadronic
matrix element resulting from the conserved vector current
hypothesis [53–55] in the flavor-SU(3) limit assuming
small momenta. The matrix element for K0 → π0a is
related to that of K( → π(a by isospin symmetry, and
so the matrix element for the KL (KS) mass eigenstate is
found by taking the imaginary (real) part of the K( → π(a
matrix element [56]. We keep only the leading terms from
Eq. (3) that are unsuppressed by external momenta. The
decay rates are

ΓðB → KaÞ ¼ M3
B

64π
jgabsj2

"
1 −

M2
K

M2
B

#
2

f20ðM2
AÞλ

1=2
Ka ;

ΓðB → K"aÞ ¼ M3
B

64π
jgabsj2A2

0ðM2
aÞλ

3=2
K"a;

ΓðKþ → πþaÞ ¼
M3

Kþ

64π

"
1 −

M2
πþ

M2
Kþ

#2

jgasdj2λ
1=2
πþa;

ΓðKL → π0aÞ ¼
M3

KL

64π

"
1 −

M2
π0

M2
KL

#2

ImðgasdÞ2λ
1=2
π0a;

where λKa ¼ f1− ½ðMa þMKÞ2=M2
B'gf1− ½ðMa −MKÞ2=

M2
B'g, along with analogously defined λK"a, and λπþ;0a.

f0ðqÞ and A0ðqÞ are appropriate form factors from the
hadronic matrix elements, obtained from Refs. [51] and
[52], respectively. For the a mass range we study,
Ma ≪ MW , the dominant decay mode is a → γγ.
We begin our phenomenological study with the signature

B → Kð"Þa, a → γγ, which has the best sensitivity to ALPs.
While the same rare meson decay with a → γγ is also
predicted in models with pseudoscalars possessing only
direct quark couplings [48], the diphoton mode is only
dominant for ALP masses below the pion threshold in those
scenarios. Moreover, to our knowledge, no such search
has been carried out, nor has the SM continuum process
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Ruth Schäfer Heidelberg University

Probing dark sectors with long-lived particles at Belle II

Light Dark Matter searches at (Super) B-Factories (Torben Ferber) 35

B→Kh’ decays 4

The current upper bound on invisible Higgs decays,
B(h ! inv) < 0.22 [43] excludes mixing angles larger
than ✓ ⇡ 0.015 at 95% CL. Projections for the HL-
LHC predict an extended reach to ✓ ⇡ 0.005.

Scalar mixing also causes a universal reduction of
all Higgs couplings to visible particles by c✓. This
suppresses the Higgs signal strength defined by

µ =
�h ⇥ B(h ! vis)

�h ⇥ B(h ! vis)SM
= c

2
✓

c
2
✓�

h
SM

c
2
✓�

h
SM + s

2
✓�

h
��̄

, (11)

where �h is the Higgs production rate and B(h ! vis)
the branching ratio to visible final states. Current
global analyses constrain universal modifications of
the Higgs couplings, but without allowing for invisible
decays. For the HL-LHC, such an analysis has been
performed assuming Run-2 systematics [47]. The ex-
pected reach for dark scalars depends on the invisible
decay rate �h

��̄. For y� = 1 we expect that mixing
angles down to ✓ ⇡ 0.008 will be probed. The sensi-
tivity is comparable with the current BaBar bounds
from B ! K /E, but less than predicted at Belle II.

IV. DISPLACED VERTEX SIGNATURES

If invisible decays are kinematically forbidden or ab-
sent, dark scalars leave signatures with visible de-
cay products. Due to the flavor-hierarchical cou-
plings, scalar decays to light leptons or mesons are
suppressed, while scalar production through the top-
quark coupling is sizeable even for small mixing ✓.
The scalar has a nominal lifetime of roughly c⌧S =
c/�S ⇡ s

�2
✓ nm and becomes long-lived at detector

scales for ✓ . 10�2. This leads to signatures with
displaced vertices, which are perfect targets for fla-
vor or beam dump experiments.

At e+e� colliders, light scalars can be abundantly
produced from BB̄ pairs at the ⌥(4S) resonance with
subsequent B ! KS decays. Direct production via
e
+
e
�
! S is strongly suppressed by the tiny electron

coupling. Alternative searches for radiative Upsilon
decays ⌥(n) ! S� through the b-quark coupling at
BaBar exclude strong mixing ✓ & 0.1 [48–50].

Measurements of B ! K
(⇤)

µµ̄ decays by BaBar,
Belle and LHCb exclude scalar mixing down to
✓ ⇡ 10�3 [17]. The event selection is typically re-
stricted to prompt decays. LHCb has performed
dedicated searches for displaced muons from long-
lived scalars [51, 52]. By reinterpreting the search
for B+

! K
+
S(! µµ̄) [52] we exclude scalar mixing

down to ✓ ⇡ 10�4, shown in blue in Fig. 2. Ve-
toed regions around the resonances K

0
S ,  (2S) and

 (3770) are partially excluded by a similar search for
B

0
! K

⇤
S(! µµ̄) decays [51].

FIG. 2: Searches for dark scalars with displaced vertices
at flavor experiments. Shown are 95% CL bounds from
B+ ! K+S(! µµ̄) searches at LHCb [52] (blue) and 90%
CL bounds on B(B ! XsS)B(S ! f) with f = µ+µ�

(yellow) and ⇡+⇡� (orange) from an inclusive search by
BaBar [53]. Regions with 3 or more signal events at
Belle II with 50/ab are shown for B ! KS(! f) with
f = ⇡+⇡� +K+K�, µ+µ� and ⌧+⌧� (green). For com-
parison, we show projections for B ! Kµµ̄ for the high-
luminosity phase of LHCb (blue curve).

To date, the only search for long-lived scalars at
e
+
e
� colliders is an inclusive search for displaced ver-

tices of charged leptons, pions or kaons by BaBar [53].
From this analysis BaBar has derived upper bounds
on the branching ratio B(B ! XsS)B(S ! f) for
di↵erent final states f . In Fig. 2 we show our rein-
terpretation of these bounds for f = µ

+
µ
� (yellow)

and f = ⇡
+
⇡
� (orange). The sensitivity is limited

by hadronic backgrounds from K
0
S , ⇤, K

± and ⇡
±

decays and by the available data set, so that only a
few small parameter regions can be excluded.

The fact that BaBar probes very small mixing
without optimizing their analysis for dark scalars sug-
gests that Belle II can reach a better sensitivity with
a dedicated search. We suggest to search for dis-
placed vertices from exclusive B ! KS(! f) decays
at Belle II, where K stands for either K0, K+, or K⇤

excitations. Promising final states are f = µ
+
µ
� and

⇡
+
⇡
�, K+

K
� for scalar masses mS . 2GeV, as well

as ⌧�⌧+, D+
D

� or 4⇡ for heavier scalars.
Let us first focus on displaced muon pairs, which

probe a large range of scalar masses 2mµ < mS <

mB � mK . The signal is defined by a displaced
muon vertex and a kaon, which together reconstruct

A. Filimonova, R. Schäfer, S. Westho!, Phys. Rev. D 101, 095006 (2020)

• h’ is long-lived 

• LHCb and Belle II complementary due to 
very di!erent B momenta 

• BaBar search is inclusive and recast is 
not competitive 

• Reach towards even smaller θ by 
searching for B→K+invisible 

• Recasting B→Kνν SM limits untrivial (3-
body vs 2-body final state)

Belle II collaboration, “Search for B+→K+νν decays using 
an inclusive tagging method at Belle II” (arXiv:2104.1262)

Long lived - Higgs-like scalar
A. Filimonova, et al. PRD 101, 095006 (2020)

95% C.L. bounds from B+ → K+S(μμ)
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B-meson baryogenesis
• “B-mesogenesis” scenario: Dark 

matter carries baryon number 


• Produce visible baryon asymmetry 
whilepreserving total baryon 
number in universe 
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generation of the baryon asymmetry and the dark matter of
the Universe. We begin by briefly reviewing the mechanism
presented in [39], while referring to Appendix A 1 for a
detailed discussion of the cosmological dynamics. We then
continue by describing the new particles and interactions
necessary for the mechanism, with the goal of finding
theory-motivated benchmark points for experimental
searches. This includes the minimal particle content
required to trigger the new decay mode of B mesons in
all its possible flavorful variations. We refer to [39] for
more detailed and alternative discussions.

A. The mechanism in a nutshell

In the late 1960s, Sakharov outlined the three conditions
that must be satisfied in the early Universe in order for it to
evolve into what we observe today: A Universe in which
matter dominates over antimatter. These Sakharov con-
ditions [18] are as follows. (i) C and CP violation: Matter
and antimatter need to interact differently if an excess of
one over the other is to be generated. (ii) Departure from
thermal equilibrium: In thermal equilibrium, even if C and
CP are violated, the rates of particle and antiparticle
production and destruction are equal. Thus, the system
must be out of thermal equilibrium so that the rate of
producing particles is larger than that of antiparticles.
(iii) Baryon number violation: One requires interactions
which violate baryon number if an excess of baryons over
antibaryons is to be generated in the early Universe.
The mechanism of B-Mesogenesis addresses each of the

Sakharov conditions as follows:
(i) C and CP violation: The most novel feature of [39]

is to leverage the C and CP violation within the
oscillations in the SM neutral B-meson systems.

(ii) Departure from thermal equilibrium: It is assumed
that the early Universe is dominated by a
combination of radiation and a very weakly coupled

scalar particle Φ, with mass MΦ≳11GeV and a
lifetime of τΦ ∼ 10−3 s.4 The Φ particle predomi-
nantly decays into b quarks, and in doing so reheats
the Universe at temperatures TR ∼ 20 MeV. Given
that T < TQCD ∼ 200 MeV during this era, the
produced b quarks quickly hadronize to yield a
substantial population of B mesons in the early
Universe: nB=nγ ∼ 10 × TR=MΦ ∼ 0.02. This pop-
ulation of B mesons is in this way out of thermal
equilibrium.

(iii) Baryon number violation? In this setup, B mesons
posses a nonstandard decay channel into a dark
sector antibaryon (ψ) and a SM baryon: B → ψBM.
This results in the generation of a baryon asymmetry
in the visible sector that is exactly compensated by a
dark antibaryon asymmetry. As a consequence, total
baryon number is actually conserved.5

In summary, the late-time out-of-equilibrium B0
q and B̄0

q

production, oscillation, and subsequent decay into ψ and B
results in the generation of an excess of baryons in the
visible sector and an excess of antibaryons in the dark
sector. In this way, the origin of baryogenesis and that of
dark matter are linked.
Importantly, following the chain of events described

above and as depicted in Fig. 2, it is possible to show
that the observed baryon abundance today (see
Appendix A 1) can be directly related to two observables
at collider experiments:

FIG. 2. Summary of the mechanism of baryogenesis and dark matter from B mesons [39], i.e., B-Mesogenesis. Adapted from Fig. 1
in [39].

4These values are roughly those expected for a pseudo-
Goldstone boson with Planck suppressed interactions with
matter; see, e.g., [45]. Note that these values imply that it is
hopeless to produce the Φ particle at colliders since the coupling
to matter would be ≲10−10.

5In a similar fashion to [46].
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YB ≃ 8.7 × 10−11
BrðB → ψBMÞ

10−3

X

q

αq
Aq
SL

10−3
; ð6Þ

where we have normalized to the observed baryon asym-
metry given in Eq. (1).
In Eq. (6), BrðB → ψBMÞ is the inclusive branching

ratio of Bmesons into a dark antibaryon, a visible baryon,
and any number of light mesons, and Aq

SL are the semi-
leptonic asymmetries in neutral B0

q-meson decays, which
measure the amount of CP violation in mixing in the B0

q

systems. Finally, αq are functions that encode the
dependence on the mass and lifetime of the Φ field.
They are bounded to be 0 ≤ αq ≤ 1.4; see Fig. 14 in
Appendix A 1.
Although all relevant cosmological details are present

in [39] and detailed in Appendix A 1, some comments on
Eq. (6) are in order. First, the αq parameters are different
for each Bq meson. The physical reason is that the early
Universe is a hot dense plasma in which electrons can
interact with B0

q mesons and potentially decohere the
B0
q − B̄0

q oscillations. Given that B0
s mesons oscillate ∼35

times faster than B0
d mesons, they are more resilient

against decoherence effects and αs ≫ αd for temperatures
in which decoherence is important. In addition and
although not explicitly stated in [39], it is clear that
the baryon asymmetry generated by B-Mesogenesis is
only sourced by the CP violation in the B0

q oscillation
system and is totally independent of any potential CP
violation in the Φb̄b coupling illustrated in Fig. 2. The
reason is as follows: At temperatures T < TQCD, a CP
asymmetry in the B0

q system appears at one loop since B
mesons are hadronized, while the CP violation arising
from a CP-violating Φb̄b coupling appears only at the
three-loop level; see [47,48]. Given that theΦb̄b coupling
is < 10−10, any contribution to the baryon asymmetry
arising from such a three-loop process is extremely
suppressed and can safely be neglected.
Equation (6) clearly shows the direct connection that

exists between baryogenesis, the CP violation in the B0
q

system parametrized by Aq
SL, and the branching fraction for

the new decay BrðB → ψBMÞ. In light of this relation,
current measurements of CP violation in the B0

q meson
systems can constrain B-Mesogenesis, as we illustrate in
Sec. III. Furthermore, the aforementioned exotic decay
mode of B mesons has important implications for B
factories and the LHC, which we discuss in Sec. IV.
Before proceeding to analyze this in detail, it is

necessary to address two important points regarding the
new particle content of the model, namely, (i) what are the
minimal requirements of the dark sector, and (ii) what
additional particles are needed to trigger the new decay
mode B → ψBM?

B. The dark sector

A key element in B-Mesogenesis is that B mesons
can decay into a SM (visible) baryon and a dark sector
antibaryon (ψ). However, this antibaryon ψ cannot re-
present the dark matter of the Universe. The reason for this
is that the decay B → ψB can only proceed if ψ interacts
with three quarks. The same operator that mediates such an
interaction can also allow the GeV-scale ψ to decay into
light antibaryons, thereby washing out the generated
asymmetry. Thus, successful baryogenesis demands that
the ψ state must rapidly decay into other stable dark sector
particles. This requirement is trivially met provided the
existence of two additional states coupled to the dark
fermionic antibaryon: a SM singlet scalar antibaryon ϕ and
a SM singlet Majorana fermion ξ coupling to ψ via the
Yukawa interaction

L ⊃ −ydψ̄ϕξþ H:c: ð7Þ

To write this Lagrangian, we have assumed the existence of
a Z2 symmetry that stabilizes both ϕ and ξ.
Given the interaction in Eq. (7), and provided that

mψ > mϕ þmξ, ψ rapidly decays into ϕ and ξ states in
the early Universe. In this way, a combination of number
densities of ϕ and ξ particles can be such that their present-
day abundance matches the dark matter density measured
by the Planck satellite, ΩDMh2 ¼ 0.1200% 0.0012 [1].
With the knowledge that the dark sector is made up of at

least three states (the dark Dirac antibaryon ψ , the dark
scalar baryon ϕ, and the dark Majorana fermion ξ), relevant
limits on the mass of these particles can be set given the
requirements of baryogenesis in conjunction with several
other kinematic constraints. First, the B → ψB decay can
only occur if

mψ < mB −mp ≃ 4.34 GeV: ð8Þ

Second, proton stability requires

mψ > mp −me ≃ 937.8 MeV: ð9Þ

Third, the ϕ and ξ states need to be both stable, otherwise
they could decay into each other by emitting an antiproton
and an electron which would erase the generated baryon
asymmetry from the B-meson oscillations and decays. In
addition to the Z2 symmetry, this requirement implies

jmξ −mϕj < mp þme ≃ 938.8 MeV: ð10Þ

Finally, allowing for the ψ → ξϕ decay requires

mψ > mϕ þmξ: ð11Þ

In light of the above constraints, we can conclude that the
mass of the dark antibaryon ψ needs to lie within the range
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the mass and decay mixing amplitudes, Eq. (16) can be
written as

Aq
SL ¼ −

ΔΓq

ΔMq
tanðϕq

12Þ: ð17Þ

Here, ΔMq and ΔΓq represent the physical mass and width
differences of the B0

q eigenstates, which are related to the
amplitudes by ΔMq ¼ 2jM12j and ΔΓq ¼ 2jΓ12j cosϕ

q
12,

where ϕq
12 is the relative phase between Mq

12 and Γq
12.

From Eq. (16), we can see why the semileptonic
asymmetries play a fundamental role in the mechanism
and appear in Eq. (6): They precisely control how often
more matter than antimatter is generated from the decays
of B0

q and B̄0
q mesons. As pointed out in [39], since the

Universe is made out of only matter, one of the key
predictions of the mechanism is that at least one of the
semileptonic asymmetries should be positive and larger
than ∼10−4.

A. Current measurements and implications

1. Semileptonic asymmetries

The current world averages for Aq
SL, as reported in the

PDG 2020 [64] and as prepared by the HFLAV group [65],
at 68% C.L. read

Ad
SL ¼ ð−2.1$ 1.7Þ × 10−3; ð18aÞ

As
SL ¼ ð−0.6$ 2.8Þ × 10−3: ð18bÞ

Meanwhile, the SM predictions for these quantities, which
we take from [66],7 are

Ad
SLjSM ¼ ð−4.7$ 0.4Þ × 10−4; ð19aÞ

As
SLjSM ¼ ð2.1$ 0.2Þ × 10−5: ð19bÞ

Comparing Eqs. (18) and (19), it is clear that the current
experimental error bars are about 4 times larger than the SM
prediction for the B0

d meson, and about 30 times larger for
the B0

s system.
Existing measurements of Aq

SL are already useful for
constraining the parameter space of the mechanism. As
highlighted in Eq. (6), the baryon asymmetry of the
Universe is proportional to both BrðB → ψBMÞ and
Aq
SL. Thus, given the observed baryon asymmetry, a

constraint on Aq
SL can indeed be used to indirectly set a

lower limit on BrðB → ψBMÞ. In particular, the fact that
Aq
SL ≲ 10−3 implies that

BrðB → ψBMÞ≳ 10−4: ð20Þ

Given the direct correlation between Aq
SL and BrðB →

ψBMÞ in generating the baryon asymmetry of the
Universe, a lower limit on Aq

SL can be established given
an upper limit on BrðB → ψBMÞ. This correlation is
clearly seen in Fig. 3. As is discussed in Sec. IVA, at
present we know that BrðB → ψBMÞ < 0.5%, which
implies that in order for B-Mesogenesis to explain the
observed baryon asymmetry of the Universe, at least one
semileptonic asymmetry should satisfy

Aq
SL ≳ 10−4: ð21Þ

2. CP violation in interference and global fits

In addition to the direct observation of Aq
SL, one can also

attempt to place indirect limits on Aq
SL by taking into

account constraints on other relevant B-meson observables.
As seen from Eq. (17), the sign of the semileptonic
asymmetries is characterized by the phase ϕq

12. As such,
the value of ϕq

12 is critical to baryogenesis. Recall that this

FIG. 3. Contour lines for the minimum BrðB → ψBMÞ re-
quired for baryogenesis and dark matter generation as a function
of the semileptonic asymmetries in B0

q-meson decays, Aq
SL. In red,

we show the relevant parameter space in which baryogenesis can
successfully occur. The dashed lines delineate the cosmological
uncertainties of our predictions (see text for more details). The
black rectangle corresponds to the SM prediction for the semi-
leptonic asymmetries [66], while the orange contour corresponds
to the current world averages for experimental measurements
of these quantities [64]. The gray line highlights the region of
parameter space corresponding to BrðB → ψBMÞ > 0.5%,
which is disfavored by an ALEPH search as discussed in
Sec. IVA 2. All contours are shown at 95% C.L. This figure
showcases that, given current measurements of the semileptonic
asymmetries, a branching ratio BrðB → ψBMÞ≳ 10−4 is re-
quired for successful baryogenesis. Similarly, in light of the
ALEPH constraint, Aq

SL > 10−4 is necessary in order to explain
the observed baryon asymmetry of the Universe.

7Note that Ref. [67] has recently pointed out that renormal-
ization-scale-dependent effects could change these predictions by
up to a factor of 2.
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• Rare B-decay with invisible particle(s) has usually significant missing energy.
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Detector coverage
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I. Adachi et al. Nuclear Inst. and Methods in Physics Research, A 907 (2018) 46–59

Fig. 1. Belle II top view.

Table 1
Summary of the Belle II detector components; FWD and BWD stand for forward and backward end-caps.

Purpose Name Component Configuration Readout channel count ✓ coverage

Beam pipe Beryllium Cylindrical, inner radius 10 mm, 10 �m Au, 0.6 mm Be,
1 mm paraffin, 0.4 mm Be

Tracking PXD Silicon Pixel Two layers, L1 at radius 14 mm, L2 at 22 mm 7.7M [17˝; 150˝]
(DEPFET) Sensor size by layer: 12.5 ù (L1 44.8, L2 61.44) mm2

Pixel size by layer: 50 ù (L1a 55, L1b 60, L2a 70, L2b 85) �m2

SVD Silicon Strip Rectangular and trapezoidal, 245k [17˝; 150˝]
(double sided) strip pitch: 50(p)/160(n)–75(p)/240(n) �m,

with one floating intermediate strip;
four layers at radii: 39, 80, 104, 135 mm

CDC Drift Chamber small cell, large cell, 56 layers 14k [17˝; 150˝]

Particle ID TOP RICH with quartz Barrel: 16 segments in � at r Ì 120 cm, 8k [31˝; 128˝]
radiator (DIRC) 275 cm long, 2 cm thick quartz bars

with 4 ù 4 channel MCP PMTs
ARICH RICH with aerogel FWD end-cap: 2 ù 2 cm thick focusing radiators with 60k [15˝; 34˝]

radiator different n, HAPD photodetectors

Calorimetry ECL CsI(Tl) Barrel: r = 125 * 162 cm, 6624 (Barrel), [12.4˝; 31.4˝],
end-caps: at z = *102 cm and z = +196 cm 1152 (FWD), 960 (BWD) [32.2˝; 128.7˝], [130.7˝; 155.1˝]

Muon ID KLM barrel: RPCs and 2 layers with scintillator strips ✓ 16k, � 16k [40˝; 129˝]
scintillator strips and 13 layers with 2 RPCs

KLM end-caps: scintillator 14 (12) layers of [7–10]ù40 mm2 strips 17k [25˝; 40˝], [129˝; 155˝]
strips in forward (backward) region

in particle physics has now shifted to the possibility that there may be
New Physics that appears in flavor physics. There is a broad range of
possibilities including new CP violating (matter–antimatter) asymme-
tries, unexpected rare decays, and violations of lepton flavor universality
in B meson decays or ⌧ lepton decays. The tool for the next round of
discoveries at the next generation electron–positron (super) B-factory
SuperKEKB [1] will be the Belle II detector (Fig. 1).

While the new detector clearly fits in the same envelope as its
predecessor, the superconducting solenoid magnet with its iron return
yoke, all components are either new or considerably upgraded [2].
The CsI(Tl) crystals are re-used although their readout electronics were
upgraded.

Compared to Belle, the Belle II detector will be taking data at an
accelerator with 40 times higher luminosity, and thus has to be able
to operate at 40 times higher physics event rates, as well as with
background rates higher by a factor of 10 to 20 [2]. To maintain the
excellent performance of the spectrometer, the critical issue will be
to mitigate the effects of higher background levels, which lead to an
increase in occupancy levels and radiation damage, as well as to fake
hits and pile-up noise in the electromagnetic calorimeter, and to neutron
induced hits in the muon detection system. Higher event rates also
require substantial modifications of the trigger scheme, data acquisition
system and computing. In addition, improved hadron identification is

47



Phillip URQUIJO

Reconstructing decays with neutrinos
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* Reconstruct 2nd B via hadronic modes, look
for events with lepton and D-meson candidates

* Measure �B in bins of w v q
2 = (pB � pD)2

by using
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* Simultaneously extract |Vcb| and non-
perturbative QCD dynamics: Outline2
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Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B ! X`⌫ decay rate can be used to directly measure |Vcb|

and |Vub|.
The theoretical description of semileptonic B decays

starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GF
p

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The di↵erential B decay rates take the
form

d� / G2
F |Vqb|

2
��LµhX|q̄�µPLb|Bi

��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b ! q current.
The latter do not a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, di↵erent
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ⇠ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D⇤, ⇡, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark e↵ec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization e↵ects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ⇠ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

a typical hadronic scale of order mB �mb ⇠ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e�

! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e�

! qq(�) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, �✓thrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation

a Recap of incl. and excl. measurements
b Recap of the ’1/2’ vs ’3/2’ problem

II. Discovery of potential 2S charmed state(s) by BABAR

III. Our Proposal and its Viability

IV. Prediction of �(B ! D 0(⇤) ` ⌫̄`) using light-cone sum rules

V. Summary
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! Encoded in Form Factors and need theory input for normalization.
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! D̄0e+⌫e sub-sample. Points
with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed
background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! D̄0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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FIG. 4. Same as Fig. 1 for the B0 ! D�µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.92, 0.39, and 1.00.
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We interpret our measurement of ��/�w in terms of �EW|Vcb| by using the currently most established method,
i.e., by fitting ��/�w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
�EWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain �EW|Vcb|. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find �EW|Vcb| = (40.12 ± 1.34) � 10�3. Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find �EW|Vcb| =
(41.10 ± 1.14) � 10�3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming �EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb| = (39.86 ± 1.33) � 10�3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb| = (40.83 ± 1.13) � 10�3 for the fit using the BGL
parameterization and lattice data.

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of �EW|Vcb| from the decay B ! D`⌫` to 2.8%. The value of �EW|Vcb| extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb| extracted from inclusive semileptonic de-
cays [3] and |Vcb| from B ! D⇤`⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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To compare the hadronic tag provided by the FEI and 
the FRin a well-defined manner, which is independent of 
the signal-side, both algorithms are applied to the same set 
of ten million events. These events are randomly sampled 
from the full Υ(4S) dataset of 772 million events recorded 
by the Belle experiment. After the tag-side reconstruc-
tion, only B meson candidates are kept, which fulfill cuts 
on the beam-constrained mass of Mbc > 5.24GeV and on 
the deviation of the reconstructed energy from the nomi-
nal energy of −0.15GeV < !E < 0.1GeV calculated on 
the candidate. In addition, a best candidate selection is 
performed, taking the B meson candidate with the highest 
signal probability in each event.

The same cuts on the beam-constrained mass 
Mbc > 5.24GeV and the deviation of the reconstructed 
energy from the nominal energy −0.15GeV < !E < 0.1GeV 
were applied and only the best (i.e., the highest signal prob-
ability) B meson candidate in each event was used.

From this dataset, we determined the tag-side efficiency 
and tag-side purity for different cuts on the signal probabil-
ity. We followed the procedure established in previous pub-
lications [3, Chapter 7.1]. For different cuts on the signal 
probability, extended unbinned maximum likelihood fits of 
the beam-constrained mass spectrum are performed. The 
signal peak consisting of correct Btag mesons is modeled 
with a Crystal Ball function [21], whereas the background 
is described using an ARGUS function [22]. The Gauss-
ian mean of the Crystal Ball function was fixed to the B 
meson mass and its power law exponent was fixed to m = 4 
based on the expected shape obtained from Monte Carlo 
simulations. The location and the width of the ARGUS 
were fixed using the known kinematic end point of the 
spectrum. All other parameters: the normalization of both 
functions, the width of the Crystal Ball, and the remaining 

shape parameters of both functions were adjusted by the fit. 
The tag-side efficiency and tag-side purity are determined 
in a window of 5.27GeV < Mbc < 5.29GeV using the fitted 
yields of the signal and background component.

In addition, we checked for a potential peaking combina-
torial background component, which would bias the results. 
This test was done using ten million events recorded 60MeV 
below the Υ(4S) resonance. This dataset does not contain B 
mesons, hence no signal is expected. The fitted signal yields 
were compatible with zero.

The resulting ROC curves are shown in Figs. 4 and 5 
for charged and neutral Btag mesons, respectively. The FEI 
exhibits a larger overall tag-side efficiency compared to the 
FR. We observe a slightly better performance for the FR 
than reported in Feindt et al. [14]. Both algorithms per-
form equally well when requiring a high tag-side purity. 
We suspect this is because there are only a finite number 
of cleanly identifiable Btag meson candidates and both algo-
rithms identify them with similar performance. The results 
for tag-side purities above 70% cannot be extracted reliably 
and depend strongly on the chosen signal or background fit 
model. For practical applications, the low tag-side purity 
regions is of particular interest for exclusive measurements. 
The beam-constrained mass distributions corresponding to 
the low-purity region with about 15% tag-side purity and the 
high-purity region with approximatively 80% tag-side purity 
are shown in Figs. 6 and 7, respectively, for the charged Btag.

The maximum tag-side efficiency on recorded data is 
not determinable by this method, as the fits are restricted to 
the best Btag candidates. However, a significant contribution 
to the improvement of the FEI compared to the FRis the 
increased number of provided candidates per event. A phys-
ics measurement will benefit from these additional tag-side 
candidates by first combining them with potential signal-
side candidates, applying the completeness constraint (i.e., 

0.4 0.6 0.8 1.0 1.2 1.4 1.6
= Ndata/Nmc

B− → D0(K−π+) −ν

B− → D0(K−π+π+π−) −ν

B− → D0(K−π+π0) −ν

B− → D∗0(D0(K−π+)π0) −ν

B− → D∗0(D0(K−π+)γ) −ν

B0 → D−(K+π−π−) +ν

B0 → D−(K+π−π−π−π+) +ν

B0 → D−(K+π−π−π0) +ν

B0 → D∗−(D0(K+π−)π−) +ν

B0 → D∗−(D−(K+π−π−)π0) +ν

Fig. 3  The ratios calculated by measuring ten semileptonic decay 
channels on converted Belle data using the hadronic tag. The proce-
dure is described in Schwab [19]
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Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B ! X`⌫ decay rate can be used to directly measure |Vcb|

and |Vub|.
The theoretical description of semileptonic B decays

starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GF
p

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The di↵erential B decay rates take the
form

d� / G2
F |Vqb|

2
��LµhX|q̄�µPLb|Bi

��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b ! q current.
The latter do not a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, di↵erent
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ⇠ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D⇤, ⇡, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark e↵ec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization e↵ects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ⇠ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

a typical hadronic scale of order mB �mb ⇠ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e�

! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e�

! qq(�) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, �✓thrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation

a Recap of incl. and excl. measurements
b Recap of the ’1/2’ vs ’3/2’ problem

II. Discovery of potential 2S charmed state(s) by BABAR

III. Our Proposal and its Viability

IV. Prediction of �(B ! D 0(⇤) ` ⌫̄`) using light-cone sum rules

V. Summary
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! Encoded in Form Factors and need theory input for normalization.

[arXiv:1510.03657, accepted by PRD]
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! D̄0e+⌫e sub-sample. Points
with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed
background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! D̄0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.

)2 (GeV2
missM

0.5− 0 0.5 1 1.5 2

 )2
Ev

en
ts

 / 
( 0

.0
9 

G
eV

0

5

10

15

20

25

30

35
data

ν Dl→B 
ν D*l→B 

other background

w<1.06≤1.00

)2 (GeV2
missM

0.5− 0 0.5 1 1.5 2

 )2
Ev

en
ts

 / 
( 0

.0
9 

G
eV

0

20

40

60

80

100

120

140

160 data
ν Dl→B 
ν D*l→B 

other background

w<1.42≤1.36

)2 (GeV2
missM

0.5− 0 0.5 1 1.5 2

 )2
Ev

en
ts

 / 
( 0

.0
9 

G
eV

0

20

40

60

80

100

120

140

160

180 data
ν Dl→B 
ν D*l→B 

other background

w<1.60≤1.54

FIG. 4. Same as Fig. 1 for the B0 ! D�µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.92, 0.39, and 1.00.
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FIG. 7. Di�erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and
HPQCD) data. The BGL series (Eq. (8)) is truncated after the cubic term. The points with error bars are Belle and LQCD
data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars
and the bin widths by the horizontal bars. The solid curve corresponds to the result of the fit. The shaded area around this
curve indicates the uncertainty in the coe�cients of the BGL series.

We interpret our measurement of ��/�w in terms of �EW|Vcb| by using the currently most established method,
i.e., by fitting ��/�w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
�EWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain �EW|Vcb|. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find �EW|Vcb| = (40.12 ± 1.34) � 10�3. Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find �EW|Vcb| =
(41.10 ± 1.14) � 10�3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming �EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb| = (39.86 ± 1.33) � 10�3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb| = (40.83 ± 1.13) � 10�3 for the fit using the BGL
parameterization and lattice data.

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of �EW|Vcb| from the decay B ! D`⌫` to 2.8%. The value of �EW|Vcb| extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb| extracted from inclusive semileptonic de-
cays [3] and |Vcb| from B ! D⇤`⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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T. Keck, PU et al (Belle II software) Comput Softw 
Big Sci 3:6. (2019)

• Belle (II) analyses use semileptonic and hadronic 
“tagging” for flavour, charge, kinematics.


• e.g. B→D* l ν

FEI is an MVA tagging algorithm which reconstructs with              
with 200 BDTs ~ 10000 decay chains 
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Full Event Interpretation (FEI)
(a)

(b)

FIG. 2. (a) Comparison of the distribution of logPtag in early Belle II data to the shape expectation

from simulation. Here, logPtag is the logarithm of the tag-side B+
meson classifier output, Ptag.

Reference selection criteria of Ptag > 0.1 and Ptag > 0.5 are illustrated. (b) Fits to the beam-

constrained-mass, Mbc, distribution of reconstructed B+
(top) and B0

(bottom) tag-side B mesons

in data. A looser selection criteria of Ptag > 0.1 (left) and a tighter selection criteria of Ptag > 0.5
(right) are applied on the B meson classifier Ptag to select samples with di↵erent levels of purity.

plied and a best candidate selection is made on a discriminating variable. Subsequently, in
the post-reconstruction step, vertex fits are performed where applicable, pre-trained classi-
fiers are applied and a best-candidate selection is made on the classifier output. Classifiers
for stable particles utilise kinematic and particle identification information as features; mean-
while, intermediate and B classifiers utilise the kinematic information from all daughters,
daughter classifier outputs and information from vertex fits as features.

The algorithm requires a training procedure, in which all of the particle classifiers are
trained. For the calibration studies performed here, the training was performed on simulated
⌥ (4S) ! BB̄ events corresponding to an integrated luminosity of 100 fb�1. The training of
the algorithm utilises an equivalent reconstruction procedure to produce training datasets
for each particle decay channel classifier.

Subsequently, the tag-side B classifier, Ptag, can be used to select a pure sample of
correctly reconstructed tag-side B mesons. This is demonstrated in Fig. 2, which shows

fits to the beam constrained mass distribution, Mbc =
q
E2

beam � (pCM
tag )

2, for reconstructed

tag-side B0 and B+ mesons, for selections requiring Ptag to be greater than 0.1 and 0.5. The
contribution from correctly reconstructed tag-side B mesons is parametrised by a Crystal
Ball function [9]; backgrounds from e+e� ! qq̄ and incorrectly reconstructed B mesons
are modelled with an Argus function [10]. By applying a tighter selection on the classifier
output, a higher purity sample of tag-side B mesons can be selected with the sacrifice of a
lower tag-side e�ciency, which is proportional to the yield of correctly reconstructed tag-side
B mesons.
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Mbc = E2
beam − | ⃗pB |2

[Comput. Softw. Big. Sci. (2019) 3: 6 ]
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Comparison of tagging approaches
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Neutral particles
• To take advantage of the ‘clean event’ need to reconstruct every particle possible! 
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Neutral Particles

 = cluster in ECL that are not associated to a track
 = cluster in KLM and ECL that is not associated to a track

 = 
 =  or 

π0, KL, Ks, n, γ
γ
KL, n
π0 γγ
Ks π+π− π0π0

To take advantage of the ‘clean event’ need to reconstruct every particle possible!

Signal Identification
If signal has  : need to have high reconstruction 

efficiency and good resolution

π0, Ks

Background Rejection 
Large fraction of B-decay products have  in its decay chain
If ’s interact with atomic nuclei in ECL and KLM,  then 
need to devise vetos

π0

KL, n

ROE / Tagged Reconstruction
Missing energy related variables (all particles that are 
not associated to signal/and Btag) often used as 
discriminating variables/fitting variables
If ’s do not interact with atomic nuclei in ECL and 
KLM, potential fakes for invisible particles

KL, n
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Extra energy 

27

• Need good ECL energy sum that is not diluted by beam background and hadronic split offs.

Identification of Beam Background Calorimeter Clusters 
and Fake Photons at Belle II Using BDT Classifiers

P. Cheem et al, BELLE2-NOTE-TE-2022-015
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CsI(Tl) Pulse Shape Discrimination
• Controlling KL yield may be crucial - a Belle II technique is PSD.

28

S. Longo (Belle II ECL Group) 
Nucl.Instrum.Meth.A 982 (2020) 

164562

energy deposited at an ionization dE/dx that is above the threshold required
to produce hadron scintillation component emission.

Two examples of typical waveforms recorded during summer 2018 Belle II
commissioning runs are shown in Figure 1. Figure 1a shows a typical wave-
form with a photon-like pulse shape and Figure 1b shows a typical waveform
with hadron-like pulse shape. Comparing these two waveforms, it is observed
that hadron-like pulse shapes have a suppressed tail relative to the photon-
like pulse shapes, which is well modelled by the hadron template.
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(b)

Figure 1: Typical Belle II CsI(Tl) waveforms from data with fit to Photon+Hadron tem-
plates overlaid. a) Waveform with photon-like pulse shape, as expected from an electro-
magnetic shower. b) Waveform with hadron-like pulse shape, as expected from a hadronic
shower.

To simulate particle interactions in the Belle II detector, Monte Carlo
(MC) simulations using GEANT4 particle interactions in matter simulation
libraries are applied [21]. The GEANT4 physics list used is the FTFP_BERT.
By default, GEANT4 does not include simulations of the ionization dE/dx
dependent CsI(Tl) scintillation response. To simulate the CsI(Tl) scintilla-
tion response to highly ionizing particles we apply the simulation methods
described in reference [4]. These methods compute the magnitude of the
hadron scintillation component emission and Birk’s scintillation efficiency
[22] using the instantaneous dE/dx of the primary and secondary particles
that contribute to the total energy deposited in the CsI(Tl) crystal. Simu-
lated waveforms are constructed by iterating over all discrete energy deposits
in the crystal volume and accumulating a template sum, weighted by the
corresponding scintillation light output contributions from photon compo-
nent scintillation emission and hadron component scintillation emission. To
model the detector noise conditions, noise waveforms recorded from events
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Figure 10: Measurement of the K0
L
efficiency and photon-as-hadron fake-rate for the PSD

classifier as a function of cluster energy for several control samples of K0
L
, and photons.

Errors bars correspond to statistical errors.

energies, which arises from the decrease in the signal-to-noise ratio of the
waveforms. This effect was observed previously in Section 3.1 Figure 2 by
the broadening of the hadron intensity values with decreasing crystal energy.
This degradation in resolution increases the difficulty to definitively classify
a crystal energy deposit as hadronic or electromagnetic.

In Figure 10 multiple K0
L efficiency measurements are overlaid. These

measurements are complementary as together they span the full K0
L momen-

tum range of interest for the Belle II experiment. Beginning by studying the
K0

L from ISR sample, it is observed that at cluster energies below 1 GeV
the K0

L efficiency is measured to be above 80% in data and simulation. At
cluster energies above 1 GeV, the K0

L efficiency in data is observed to be
2σ below the value in simulation. Note the error bars in Figure 11 corre-
spond to statistical errors. With a larger data sample the significance of this
difference in data and simulation can be verified. If confirmed, a potential
source of this discrepancy could be from the modelling of the K0

L hadronic
interactions in CsI(Tl) by GEANT4. If the simulated cross section for K0

L

interactions that produce final states with π0’s is over estimated then this
could result in such a discrepancy. This is because in these interactions the
full π0 energy is typically absorbed in the form of an electromagnetic shower

24

response to photons is observed to be peaking near 1.0 in data and simulation,
indicating that a significant fraction of the photons are correctly classified
as electromagnetic showers with significant likelihood. The peaking nature
of the distributions in Figure 8 demonstrate the high degree of separation
that can be achieved by applying pulse shape discrimination for hadronic vs.
electromagnetic shower identification.

In Figure 8a a small sample of K0
L candidates are observed to have classi-

fier response above 0.8. By studying truth information of the simulation, the
K0

L in this region correspond to mis-identified K0
L from background processes

such as e+e− →K0K̄0π0(γ) or K0K̄0η (γ). In these events the K0
S → π+π−

and the radiated photon satisfied the selection requirements and one of the
photons from the decay of the the π0 or η is mis-identified as a K0

L by the
kinematic selection applied. This known photon background is removed from
theK0

L selected from the ISR sample when computing the efficiency measure-
ments completed in Section 4.4 by excluding K0

L candidates in this sample
with classifier output above 0.8. The bias introduced by this cut on the K0

L

efficiency is shown in Section 4.4 to be minimal relative to the statistical error
of the measurement. This is demonstrated by the measurements presented
in Section 4.4 Figure 11a as K0

L efficiency measured for this sample is shown
to be in agreement with independent K0

L samples selected from particle gun
and B0B̄0 events, which do not impose this cut.
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Figure 8: Classifier response to control samples of a) K0
L
’s and b) photon’s.

4.3. Impact of Pulse Shape Discrimination on Classifier Response

To further understand the behaviour of the classifier and confirm that the
classifier response is driven by the pulse shape information, a sample of K0

L

21
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Tagged analysis procedure (Belle)
• Begin with either a semileptonic or hadronic tag side.

30

Reconstruction II
BELLE

• Reconstruct one light meson: K+
, K0

S , K⇤+
, K⇤0

, ⇡+
, ⇡0

, ⇢+
, ⇢0

.

Invariant mass window of K⇤
& ⇢ optimized via NS/

p
NS + NB .

• No additional charged tracks or ⇡0
candidates left in the event.

• Veto events with reconstructed KL candidates.

• Suppress e+e� ! qq background with a neural network using

topological variables.

Fraction of events with multiple ⌥(4S) candidates up to 20%. Best candi-

date taken to be that with the highest Ntag, i.e., candidate with the highest

probability for being correctly reconstructed.

Train a NN to separate signal
from background:

• Optimize a cut on the network

output by maximizing a

Punzi-FoM:

"/
⇣

n�
2 +

p
B
⌘

Tag correction?

Validation?
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Signal extraction
BELLE

Extract the signal yield by fitting the
Extra Energy in the Calorimeter:

Sum of energies of neutral clusters not

associated with reconstructed particles

EECL =
P

ECalor. � (
P

Etag +
P

Esig)

 in GeVECLE
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Extensive Toy MC studies performed to estimate sensitivity: 1K bkgd.-only samples

generated and fit for yield estimate. Fit bias estimated from ensemble tests and

corrected for in fit to data. (plot for K+⌫⌫) Preliminary

Charm B decay & qq background
for K+⌫⌫ in EECL 2 (0, 1.2) GeV.

Dominant b ! c contribution from
semileptonic B decays.

Preliminary
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Belle SL tag analysis
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5

nents to MC expectations and leave only the signal and
the overall background yields as freely floating parame-
ters. We perform extensive toy MC studies to estimate
the sensitivity of our procedure. For this purpose, we
simulate 1000 background-only samples for each channel
and calculate an expected limit on the signal yield by
integrating the profile likelihood up to the point where
it includes 90% of the positive region. We also simulate
samples with various numbers of signal events to test for
a possible bias. We find a non-negligible but modest bias
in almost all investigated channels. We fit this bias with
a linear function, whose slope is consistent with 1.0 and
whose intercept lies between 0 and �2 events. We correct
for this bias in our fit to data.

(a) B+ ! K+⌫⌫̄ (b) B0 ! K0
S ⌫⌫̄

(c) B+ ! K⇤+⌫⌫̄ (d) B0 ! K⇤0⌫⌫̄

(e) B+ ! ⇡+⌫⌫̄ (f) B0 ! ⇡0⌫⌫̄

(g) B+ ! ⇢+⌫⌫̄ (h) B0 ! ⇢0⌫⌫̄

FIG. 2: EECL distributions for all eight B ! h⌫⌫̄
channels.

The fit results are listed in Table Ia; Fig. 2 shows the
distributions of the data together with the fitted signal

and background models. The fit yields no significant sig-
nal in any channel. The largest signal contribution is
observed in the B+ ! K⇤+⌫⌫̄ channel with a signif-
icance of 2.3�. The significance is defined by evaluat-
ing the likelihood of the complete model Lmax and the
background-only likelihood L0: S =

p
2 log (Lmax/L0).

Both are evaluated at their respective best fitting point.
We calculate the branching fraction of the i-th mode by
Bi = N i

sig/
�
"irec ⇥ NBB

�
, where the reconstruction ef-

ficiency "irec includes all daughter branching fractions.
These e�ciencies, along with the expected and measured
90% confidence level (C.L.) upper limit [26] for each
channel, are displayed in Table Ib.

TABLE I: Results

(a) Observed signal yield (corrected for fitting bias) in each
channel. The first error is statistical and the second is

systematic.

Channel Observed signal yield Significance

K+⌫⌫̄ 17.7 ± 9.1 ± 3.4 1.9�
K0

S ⌫⌫̄ 0.6 ± 4.2 ± 1.4 0.0�
K⇤+⌫⌫̄ 16.2 ± 7.4 ± 1.8 2.3�
K⇤0⌫⌫̄ �2.0 ± 3.6 ± 1.8 0.0�
⇡+⌫⌫̄ 5.6 ± 15.1 ± 5.9 0.0�
⇡0⌫⌫̄ 0.2 ± 5.6 ± 1.6 0.0�
⇢+⌫⌫̄ 6.2 ± 12.3 ± 2.4 0.3�
⇢0⌫⌫̄ 11.9 ± 9.0 ± 3.6 1.2�

(b) Expected (median) and observed upper limits on the
branching fraction at 90% C.L. The observed limits include

the systematic uncertainties.

Channel E�ciency Expected limit Observed limit

K+⌫⌫̄ 2.16⇥ 10�3 0.8⇥ 10�5 1.9⇥ 10�5

K0
S ⌫⌫̄ 0.91⇥ 10�3 1.2⇥ 10�5 1.3⇥ 10�5

K⇤+⌫⌫̄ 0.57⇥ 10�3 2.4⇥ 10�5 6.1⇥ 10�5

K⇤0⌫⌫̄ 0.51⇥ 10�3 2.4⇥ 10�5 1.8⇥ 10�5

⇡+⌫⌫̄ 2.92⇥ 10�3 1.3⇥ 10�5 1.4⇥ 10�5

⇡0⌫⌫̄ 1.42⇥ 10�3 1.0⇥ 10�5 0.9⇥ 10�5

⇢+⌫⌫̄ 1.11⇥ 10�3 2.5⇥ 10�5 3.0⇥ 10�5

⇢0⌫⌫̄ 0.82⇥ 10�3 2.2⇥ 10�5 4.0⇥ 10�5

We estimate the uncertainty on the fixed fractions, the
K0

L veto e�ciency, the continuum scaling, the tagging ef-
ficiency, and the fit bias correction by refitting the data
with each of these quantities varied by ±1�. We estimate
the shape uncertainty by simulating 1000 toy templates
obtained by drawing a random number from a Gaussian
distribution with the mean and error of the respective
bin of our fit model as the central value and deviation.
The ±1� quantiles of the resulting distribution are used
as estimators of the uncertainty. We estimate the uncer-
tainty on the ⇡0 and charged track vetoes by comparing
the respective e�ciency di↵erences between data and MC
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a possible bias. We find a non-negligible but modest bias
in almost all investigated channels. We fit this bias with
a linear function, whose slope is consistent with 1.0 and
whose intercept lies between 0 and �2 events. We correct
for this bias in our fit to data.

(a) B+ ! K+⌫⌫̄ (b) B0 ! K0
S ⌫⌫̄

(c) B+ ! K⇤+⌫⌫̄ (d) B0 ! K⇤0⌫⌫̄

(e) B+ ! ⇡+⌫⌫̄ (f) B0 ! ⇡0⌫⌫̄

(g) B+ ! ⇢+⌫⌫̄ (h) B0 ! ⇢0⌫⌫̄

FIG. 2: EECL distributions for all eight B ! h⌫⌫̄
channels.

The fit results are listed in Table Ia; Fig. 2 shows the
distributions of the data together with the fitted signal

and background models. The fit yields no significant sig-
nal in any channel. The largest signal contribution is
observed in the B+ ! K⇤+⌫⌫̄ channel with a signif-
icance of 2.3�. The significance is defined by evaluat-
ing the likelihood of the complete model Lmax and the
background-only likelihood L0: S =

p
2 log (Lmax/L0).

Both are evaluated at their respective best fitting point.
We calculate the branching fraction of the i-th mode by
Bi = N i

sig/
�
"irec ⇥ NBB

�
, where the reconstruction ef-

ficiency "irec includes all daughter branching fractions.
These e�ciencies, along with the expected and measured
90% confidence level (C.L.) upper limit [26] for each
channel, are displayed in Table Ib.

TABLE I: Results

(a) Observed signal yield (corrected for fitting bias) in each
channel. The first error is statistical and the second is

systematic.

Channel Observed signal yield Significance

K+⌫⌫̄ 17.7 ± 9.1 ± 3.4 1.9�
K0

S ⌫⌫̄ 0.6 ± 4.2 ± 1.4 0.0�
K⇤+⌫⌫̄ 16.2 ± 7.4 ± 1.8 2.3�
K⇤0⌫⌫̄ �2.0 ± 3.6 ± 1.8 0.0�
⇡+⌫⌫̄ 5.6 ± 15.1 ± 5.9 0.0�
⇡0⌫⌫̄ 0.2 ± 5.6 ± 1.6 0.0�
⇢+⌫⌫̄ 6.2 ± 12.3 ± 2.4 0.3�
⇢0⌫⌫̄ 11.9 ± 9.0 ± 3.6 1.2�

(b) Expected (median) and observed upper limits on the
branching fraction at 90% C.L. The observed limits include

the systematic uncertainties.

Channel E�ciency Expected limit Observed limit

K+⌫⌫̄ 2.16⇥ 10�3 0.8⇥ 10�5 1.9⇥ 10�5

K0
S ⌫⌫̄ 0.91⇥ 10�3 1.2⇥ 10�5 1.3⇥ 10�5

K⇤+⌫⌫̄ 0.57⇥ 10�3 2.4⇥ 10�5 6.1⇥ 10�5

K⇤0⌫⌫̄ 0.51⇥ 10�3 2.4⇥ 10�5 1.8⇥ 10�5

⇡+⌫⌫̄ 2.92⇥ 10�3 1.3⇥ 10�5 1.4⇥ 10�5

⇡0⌫⌫̄ 1.42⇥ 10�3 1.0⇥ 10�5 0.9⇥ 10�5

⇢+⌫⌫̄ 1.11⇥ 10�3 2.5⇥ 10�5 3.0⇥ 10�5

⇢0⌫⌫̄ 0.82⇥ 10�3 2.2⇥ 10�5 4.0⇥ 10�5

We estimate the uncertainty on the fixed fractions, the
K0

L veto e�ciency, the continuum scaling, the tagging ef-
ficiency, and the fit bias correction by refitting the data
with each of these quantities varied by ±1�. We estimate
the shape uncertainty by simulating 1000 toy templates
obtained by drawing a random number from a Gaussian
distribution with the mean and error of the respective
bin of our fit model as the central value and deviation.
The ±1� quantiles of the resulting distribution are used
as estimators of the uncertainty. We estimate the uncer-
tainty on the ⇡0 and charged track vetoes by comparing
the respective e�ciency di↵erences between data and MC

Fit to data
BELLE

Extended binned ML fit to EECL: Preliminary
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• Histogram templates to model signal and bkgds from

charm B decay, charmless B decay, and continuum.
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fixed to MC expectations.

• Signal and overall background yield allowed to vary.
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for the B ! D⇡ sample with and without the veto ap-
plied. We obtain a value of 4% in both cases for charged
and neutral channels alike. We evaluate the influence
of the requirement on the number of raw tracks via the
same sample by setting it to two and zero, respectively.
We subsequently average the contributions and obtain a
value of 1%. The uncertainty on the calibration (9.6%)
includes the uncertainty on the correction of NBB (1.4%)
and the uncertainty on B (B ! D⇡). Based on studies
using dedicated control samples, we assign 2.0%, 4.0%,
and 2.2% for the uncertainties on PID e�ciency, ⇡0 ef-
ficiency and K0

S e�ciency, respectively. The systematic
uncertainty is included by convolving the likelihood func-
tion with a Gaussian with zero mean and a width equal to
the square root of the quadratic sum of the additive and
multiplicative error. The additive uncertainty is defined
as the uncertainty on the signal yield, and contributions
are summarized in Table II. A comparison of our results
with previous ones is presented in Fig. 3.

FIG. 3: Observed limits for all channels in comparison
to previous results for the BaBar measurement with
semileptonic [9] and hadronic tag [8], as well as the

Belle measurement utilizing hadronic tagging [7]. The
theoretical predictions are taken from Ref. [2].

The systematic uncertainties are evaluated using in-
dependent samples of MC and data control samples for
charged and neutral modes. They can therefore be con-
sidered uncorrelated. Thus, we combine charged and
neutral modes by adding the negative log likelihoods. We
scale the branching fraction of the neutral modes by a
factor of ⌧B+/⌧B0 since the lifetime di↵erence is the only
factor distinguishing charged from neutral B ! h⌫⌫̄ de-
cays in the SM. We subsequently repeat the calculation

of the limit and obtain the following values at 90% C.L.:

B(B ! K⌫⌫) < 1.6 ⇥ 10�5,

B(B ! K⇤⌫⌫) < 2.7 ⇥ 10�5,

B(B ! ⇡⌫⌫) < 0.8 ⇥ 10�5,

B(B ! ⇢⌫⌫) < 2.8 ⇥ 10�5.

Based on the values and theoretical uncertainties from
Ref. [2], we also give a limit on the ratios between the
measured branching fractions of B ! K⌫⌫ and of B !
K⇤⌫⌫ and the respective SM prediction RK⇤ . We obtain
values of RK < 3.9 and RK⇤ < 2.7, respectively, where
we included the theoretical uncertainty. Both values are
quoted at 90% C.L.
In summary, we report the results of a search for eight

di↵erent B decay channels with a pair of neutrinos in
the final state, where the second B is reconstructed in
one of 108 semileptonic decay channels. No significant
signal is observed and limits are set on the respective
branching fractions at a confidence level of 90%. The
limits on the branching fraction for the B0 ! K0

S ⌫⌫̄ ,
B0 ! K⇤0⌫⌫̄, B+ ! ⇡+⌫⌫̄, B0 ! ⇡0⌫⌫̄, B+ ! ⇢+⌫⌫̄,
and B0 ! ⇢0⌫⌫̄ channels are the most stringent to
date. Although our analysis yields important improve-
ments, none of these limits excludes SM predictions
and all of them leave room for contributions from new
physics.
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TABLE II: Additive systematic uncertainties. All values are event yields.

K+⌫⌫̄ K0
S ⌫⌫̄ K⇤+⌫⌫̄ K⇤0⌫⌫̄ ⇡+⌫⌫̄ ⇡0⌫⌫̄ ⇢+⌫⌫̄ ⇢0⌫⌫̄

K0
L veto 0.2 0.2 0.1 0.2 0.6 0.4 0.6 0.0

Fixed fractions 0.4 0.3 0.1 0.2 1.3 0.1 0.1 1.0
Continuum scaling 2.0 0.0 0.0 0.0 3.1 0.0 0.0 0.0
Tag e�ciency correction 0.5 0.2 0.1 0.1 1.9 0.1 0.2 0.5
Shape uncertainty 2.6 1.3 1.8 1.7 4.5 1.5 2.3 3.4
Fit bias 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.2

Total 3.4 1.4 1.8 1.8 5.9 1.6 2.4 3.6

No. 2015R1A2A2A01003280,
No. 2015H1A2A1033649, No. 2016R1D1A1B01010135,
No. 2016K1A3A7A09005603,
No. 2016K1A3A7A09005604,
No. 2016R1D1A1B02012900,
No. 2016K1A3A7A09005606, No. NRF-
2013K1A3A7A06056592; the Brain Korea 21-Plus
program, Radiation Science Research Institute, Foreign
Large-size Research Facility Application Supporting
project and the Global Science Experimental Data Hub
Center of the Korea Institute of Science and Technology
Information; the Polish Ministry of Science and Higher
Education and the National Science Center; the Ministry
of Education and Science of the Russian Federation and
the Russian Foundation for Basic Research; the Slove-
nian Research Agency; Ikerbasque, Basque Foundation
for Science and MINECO (Juan de la Cierva), Spain;
the Swiss National Science Foundation; the Ministry of
Education and the Ministry of Science and Technology
of Taiwan; and the U.S. Department of Energy and the
National Science Foundation.

[1] Throughout this letter, h refers to one of the following
charmless states: K+, K0

S , K⇤+, K⇤0, ⇡+, ⇡0, ⇢+, ⇢0.
Charge-conjugate channels are implied throughout this
paper unless explicitly stated otherwise.

[2] A. Buras, J. Girrbach-Noe, C. Nieho↵, and D. Straub,
JHEP 02, 184 (2015).

[3] C. Hambrock, A. Khodjamirian, Alexander, and A.
Rusov, Phys. Rev. D 92, 074020 (2015).

[4] R. Aaij et al. (LHCb Collaboration), JHEP 02, 104
(2016).

[5] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett.
113, 151601 (2014).

[6] S. Wehle et al. (Belle Collaboration), Phys. Rev. Lett.
118, 111801 (2017).

[7] O. Lutz et al. (Belle Collaboration), Phys. Rev. D 87,
111103 (2013).

[8] J.P. Lees et al. (BaBar Collaboration), Phys. Rev. D 87,
112005 (2013).

[9] J.P. Lees et al. (BaBar Collaboration), Phys. Rev. D 82,
112002 (2010).

[10] Y. Sato et al. (Belle Collaboration), Phys. Rev. D 94,
072007 (2016).

[11] S. Kurokawa and E. Kikutani, Nucl. Instr. and Meth. A
499, 1 (2003) and other papers included in this volume;
See also T. Abe et al., Prog. Theor. Exp. Phys. 2013,
03A001 (2013).

[12] D. J. Lange, Nucl. Instr. and Meth. A 462, 152 (2001).
[13] R. Brun et al., GEANT, CERN Report No. DD/EE/84-1

(1984).
[14] A. Abashian et al. (Belle Collaboration), Nucl. Instr. and

Meth. A 479, 117 (2002); also see detector section in
J.Brodzicka et al., Prog. Theor. Exp. Phys. 2012 04D001
(2012).

[15] Z. Natkaniec et al. (Belle SVD2 Group), Nucl. Instr. and
Meth. A 560, 1 (2006); Y. Ushiroda (Belle SVD2 Group),
Nucl. Instr. and Meth. A 511 6 (2003).

[16] M. Feindt, F. Keller, M. Kreps, T. Kuhr, S. Neubauer, D.
Zander, and A. Zupanc, Nucl. Instrum. Methods Phys.
Res., Sect. A 654, 432 (2011).

[17] B. Kronenbitter et al. (Belle Collaboration), Phys. Rev.
D 92, 051102 (2015).

[18] M. Feindt and U. Kerzel, Nucl. Instr. and Meth. A 559,
190-194 (2006).

[19] K. F. Chen et al. (Belle Collaboration), Phys. Rev. D 72,
012004 (2005).

[20] C. Partignani et al. (Particle Data Group), Chin. Phys.
C 40, 100001 (2016).

[21] K. Hara et al. (Belle Collaboration), Phys. Rev. Lett.
110, 131801 (2013).

[22] S. H. Lee et al. (Belle Collaboration), Phys. Rev. Lett.
91, 261801 (2003).

[23] D. M. Asner et al. (CLEO Collaboration), Phys. Rev. D
53, 1039 (1996).

[24] G. Punzi, eConf C030908, 235 (2004).
[25] The cosine of the angle between the B and

the D(⇤)l system is defined as cos ✓B, D(⇤)l =�
2EBED(⇤)l �M2

Bc
4 �M2

D(⇤)l c
4
�
/
�
2 |pB | |pD(⇤)l |c

2
�

where M , E, and p are the invariant mass, energy, and
momentum of the B (D(⇤)l ) system.

[26] As we use a Bayesian method, this is formally a “cred-
ibility level.” However, we use “confidence level” here
following common convention.

Systematic uncertainties
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Preliminary

• Uncertainties related to the signal yield (table [absolute]) are estimated

by refitting the data with each quantity varied by ±1�, with the

exception of the shape uncertainty which is evaluated from Toy MC

studies.

• Remaining uncertainties include: ⇡0
and charged track veto (4%); raw

track requirement (1%); particle ID e�ciency (2%) ⇡0
e�ciency (4%),

K0

S e�ciency (2.2%) NBB (1.4%).
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efficiency (~ 4%) compared to tagged 
reconstruction approach of previous 
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BSM  already with 1 ab-1B+ → K+νν̄

Results
Binned simultaneous ML fit to  to extract signal      
strength  ( )
No significant signal is observed, limit of   @ 90 C.L.    

 competitive with only 63 fb-1

Inclusive tag approach shows the best performance 

pT(K+) × BDT2
μ 1μ = SM ℬ = 4.6 × 10−6

4.1 × 10−5

→

μ = 4.2+2.9
−2.8(stat)+1.8

−1.6(syst)

On-resonance data

 Purity: 22%

                        Purity: 6%
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|Vub|

τ�

ν�

b�

u�

H+,W+�

_�

Helicity suppressed - very small in SM.

NP could interfere e.g. charged Higgs.


BRSM ~ 1 x 10-4 (τ), ~ 5 x 10-7 (µ)

and the Gegenbauer momenta [43]:

g(a)
⊥ (u) = 6uū

[

1 + a‖1ξ +

{

1

4
a‖2 +

5

3
ζA
3

(

1 −
3

16
ωA

1,0

)

+
35

4
ζV
3

}

(5ξ2 − 1)

]

+6 δ̃+ (3uū + ū ln ū + u ln u) + 6 δ̃− (ū ln ū − u ln u) , (169)

g(v)
⊥ (u) =

3

4
(1 + ξ2) + a‖1

3

2
ξ3 +

(

3

7
a‖2 + 5ζA

3

)

(

3ξ2 − 1
)

+

(

9

112
a‖2 +

105

16
ζV
3 −

15

64
ζA
3 ωA

1,0

)

(

3 − 30ξ2 + 35ξ4
)

+
3

2
δ̃+ (2 + ln u + ln ū) +

3

2
δ̃− (2ξ + ln ū − ln u) . (170)

To compute X⊥, the parameter X = ln(mB/Λh) (1+% eiϕ) is introduced to parametrize the
logarithmically divergent integral

∫ 1
0 dx/(1 − x). % ≤ 1 and the phase ϕ are arbitrary, and

Λh ≈ 0.5 GeV is a typical hadronic scale. The remaining parameters are given in Appendix I.

SuperIso first computes numerically all the integrals and the Wilson coefficients, and then
calculates the isospin asymmetry of B → K∗γ using all the above equations.

E.3 Branching ratio of Bu → τντ

The purely leptonic decay Bu → τντ occurs via W+ and H+ mediated annihilation pro-
cesses. This decay is helicity suppressed in the SM, but there is no such suppression for
the charged Higgs exchange at high tan β, and the two contributions can therefore be of
similar magnitudes. This decay is thus very sensitive to charged Higgs boson and provide
important constraints.

The branching ratio of Bu → τντ in supersymmetry is given by [44]

BR(Bu → τντ ) =
G2

F f2
B|Vub|2

8π
τBmBm2

τ

(

1 −
m2

τ

m2
B

)2 [

1 −
(

m2
B

m2
H+

)

tan2 β

1 + ε0 tan β

]2

, (171)

where ε0 is given in Eq. (66), and τB is the B± meson lifetime which is given in Appendix I
together with the other constants in this equation.

The following ratio is usually considered to express the new physics contributions:

RMSSM
τντ

=
BR(Bu → τντ )MSSM

BR(Bu → τντ )SM
=

[

1 −
(

m2
B

m2
H+

)

tan2 β

1 + ε0 tan β

]2

, (172)

which is also implemented in SuperIso.

In the 2HDM, Eq. (171) takes the form

BR(Bu → τντ ) =
G2

F f2
B|Vub|2

8π
τBmBm2

τ

(

1 −
m2

τ

m2
B

)2 [

1 −
(

m2
B

m2
H+

)

λbbλττ

]2

, (173)

where the Yukawa couplings λbb,λττ can be found in Table 1 for the four types of 2HDM
Yukawa sectors.
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BFSM rH
Type λUU λDD λLL

I cot β cot β cot β
II cot β − tan β − tan β
III cot β − tan β cot β
IV cot β cot β − tan β

Table 1: Yukawa couplings for the four types of 2HDM. U , D and L stand respectively for
the up-type quarks, the down-type quarks and the leptons.

C.2 Charged Higgs contributions

At the Leading Order, the relevant charged Higgs contributions to the Wilson coefficients
are given by [26]:

δCH(0)
7,8 (µW ) =

λ2
tt

3
F (1)

7,8 (xtH±) − λttλbbF
(2)
7,8 (xtH±) , (48)

where

xtH± =
m2

t (µW )

M2
H±

, (49)

and

F (1)
7 (x) =

x(7 − 5x − 8x2)

24(x − 1)3
+

x2(3x − 2)

4(x − 1)4
ln x ,

F (1)
8 (x) =

x(2 + 5x − x2)

8(x − 1)3
−

3x2

4(x − 1)4
ln x , (50)

F (2)
7 (x) =

x(3 − 5x)

12(x − 1)2
+

x(3x − 2)

6(x − 1)3
ln x ,

F (2)
8 (x) =

x(3 − x)

4(x − 1)2
−

x

2(x − 1)3
ln x .

λtt,λbb are the Yukawa couplings. In supersymmetry, they read:

λtt = −
1

λbb
=

1

tan β
. (51)

For the different types of 2HDM, the Yukawa couplings are summarized in Table 1.

At the NLO, the charged Higgs contributions can be written in the form [26]:

δC(1)
7 (µW ) = GH

7 (xtH±) + ∆H
7 (xtH±) ln

µ2
W

M2
H±

−
4

9
EH(xtH±) , (52)

δC(1)
8 (µW ) = GH

8 (xtH±) + ∆H
8 (xtH±) ln

µ2
W

M2
H±

−
1

6
EH(xtH±) , (53)
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Type λUU λDD λLL

I cot β cot β cot β
II cot β − tan β − tan β
III cot β − tan β cot β
IV cot β cot β − tan β

Table 1: Yukawa couplings for the four types of 2HDM. U , D and L stand respectively for
the up-type quarks, the down-type quarks and the leptons.
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The B meson decay constant

|Vub| : from indep. measurements.
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B→τυ, µυ: H+ searches
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I. Adachi, PU et al. (Belle) PRL 110, 13, 131801 (2013) 

No “Discovery” in a single measurement yet

30% → <5% Precision on B→ τ ν at Belle II

<10% Precision on B→ µ ν & e ν γ

6

(a) (a)

(b) (b)

(c) (c)

(d) (d)

(e) (e)

FIG. 2. Distributions for (a) ⌧+ ! µ+⌫̄⌧⌫µ, (b) ⌧
+ ! e+⌫̄⌧⌫e,

(c) ⌧+ ! ⇡+⌫̄⌧ , (d) ⌧+ ! ⇢+⌫̄⌧ , and (e) the sum of them.
The left and right columns show the distributions of EECL

and p⇤sig projected in the region EECL < 0.2 GeV, respec-
tively. The markers show the data distribution, the solid line
the total fitted distribution, and the dashed line the signal
component. The orange (red) filled distribution represents
the BB̄ (continuum) background.

originates from the error on the slope; the signal recon-
struction e�ciency; the branching fractions of the dom-
inant background decays peaking in the EECL signal re-
gion, e.g., B+ ! D̄0`+⌫` followed by D0 ! KLKL or
D0 ! KLKLKL; the correction of the tagging e�ciency,
obtained from the double-tagged samples and assumed to
be 100% correlated among the four ⌧ decay modes; and
the branching fractions of the ⌧ lepton. For branching
fractions of D mesons with multiple KL mesons in the

TABLE II. Signal yields and branching fractions, obtained
from fits for the ⌧ decay modes separately and combined.
Errors are statistical only.

Decay mode Nsig B(10�4)

⌧+ ! µ+⌫̄⌧⌫µ 13±21 0.34±0.55
⌧+ ! e+⌫̄⌧⌫e 47±25 0.90±0.47
⌧+ ! ⇡+⌫̄⌧ 57±21 1.82±0.68
⌧+ ! ⇢+⌫̄⌧ 119±33 2.16±0.60
Combined 222±50 1.25±0.28

TABLE III. List of systematic uncertainties.

Source Relative uncertainty (%)

Continuum description 14.1
Signal reconstruction e�ciency 0.6
Background branching fractions 3.1
E�ciency calibration 12.6
⌧ decay branching fractions 0.2
Histogram PDF shapes 8.5
Best candidate selection 0.4
Charged track reconstruction 0.4
⇡0 reconstruction 1.1
Particle identification 0.5
Charged track veto 1.9
Number of BB̄ pairs 1.4
Total 21.2

final state, we use the values for corresponding decays
with KS and take 50% of the value as the uncertainty.
To estimate the e↵ect of the uncertainty on the shape

of the histogram PDFs due to the statistical uncertainty
in the MC, the content of each bin is varied following a
Poisson distribution with the initial value as the mean.
This is repeated 1000 times and the standard deviation
of the distribution of branching fractions is taken as sys-
tematic uncertainty. For the systematic uncertainty re-
lated to the best-candidate selection, we repeat the fit
without applying this selection. The result is divided
by the average multiplicity of 1.07 and compared to the
nominal fit result. The uncertainties on the e�ciency
of the reconstruction of charged tracks and neutral pi-
ons and on the e�ciency of the particle identification
have been estimated using high-statistics control sam-
ples. The charged-track veto is tested using the D0⇡+

double-tagged sample by comparing the number of addi-
tional charged tracks in MC and data events. We find
that it agrees well and so take the relative statistical un-
certainty on the control sample as the systematic un-
certainty. We also test an alternative description of the
continuum background in EECL by using a polynomial of
second order but the deviation is well covered by the re-
lated systematic uncertainty so we do not include it sep-
arately. The quadratic sum of all contributions is 21.2%.
We find evidence for B+ ! ⌧+⌫⌧ decays with a signifi-

cance of 3.8�, by convolving the likelihood profile with a
Gaussian whose width is equal to the systematic uncer-

µ, e, π channels

Calibration & Systematics 

Lepton ID 
Belle performance.

Tag calibration[7]: A leading uncertainty in all 
analyses is calibration of 
the tag side. 
Double tags are used to 
calibrate efficiency and 
EECL to well known 
semileptonic modes.

New ideas: B→πτν 
NP present in B→τν will simultaneously enhance other b→u 
processes. Any NP Lagrangian needs B→Pu/Vu τν information.

New ideas: B→Xcτν [5] 
A striking puzzle appears: 

Theory: B(B−→Xcτν)=(2.42±0.06)% [6] 
LEP: B(b→Xτν)=(2.41±0.23)% 
B-factories:  
B(B→Dτν + B→D*τν)=(2.78±0.25)% 

This is a clear incongruity. What happened to B→D**τν ? or Did 
LEP miss something big? Belle will repeat LEP’s analysis, first by 
surveying the B→D**lν landscape [5].

Tau Decay Footprints 

Signature: ≥2 neutrinos implies no residual 
energy or tracks, and some missing mass. 

Polarisation: NP can polarise both the hadronic 
and leptonic currents. 

Relies on good hermicitity & known initial conditions.

B→τν {Pure,+D(*),+π,+anything} 
Belle @ KEK-B, ICHEP2014

Indirect searches for the Charged Higgs  
Archetypal NP coupling to 3rd generation, high mass fermions. 
B-factories have a unique sensitivity to Charged Higgs-like new particles with 
masses beyond the direct reach of the LHC. 
Probing 2HDM & other NP scenarios.

References: 
[1] Belle Collaboration, PRL 110 131801 (2013), B→τν Had tag. 
[2] Belle Collaboration, PRD 82 071101 (2010), B→τν  SL tag. 
[3] Belle Collaboration, PRL 99, 191807 (2007), B→D*τν Inc tag 
[4] Belle Collaboration, PRD 82, 071101(R) (2010), B→D*τν Inc tag 
[5] Belle Collaboration, C. Oswald PoS(ICHEP2012) 253., B→D*Xlν Had tag 
[6] Z. Ligeti, F. Tackmann, [arXiv:1406.7013]. 
[7] Belle Collaboration, PRD 88 032005 (2013), B→Xulν Had tag. 
[8] M. Tanaka, R. Watanabe, PRD 87 034028 (2013).

Conclusions & Outlook: 
Tantalising hints of NP in B→D(*)τν, but NP appears reclusive in B→τν. New 
Tensors? 
Further utilisation of the powerful full reconstruction sample ongoing: 
 B→D(*)τν, B→Xcτν, B→πτν 
Exploration of the high efficiency techniques to probe tau polarisation:  
 Inclusive, Partial tagging 
Ongoing refinement of tagging techniques: 
 Improved Semileptonic tagging 
No doubt, Belle II’s 50 ab-1 sample is critical to confirm whether this is truly NP.

B→D(*)τν [3,4] 
Belle exploited an “Inclusive” approach. 
Use 535 M BB It was the first observation of signal (5.2σ). Statistical error 
dominates the approach. Babar uses a full hadronic approach, to be repeated 
with Belle's full data set in 2014. Only leptonic tau decay modes are used, to 
minimise systematic uncertainties.

B→τν [1,2] 
Fully hadronic tag on full sample. 
2D unbinned fit to EECL and M2miss 
(first 2D fit - more robust to 
background). 
All sub-fit results agree, with good 
agreement with SM predictions. 
SM tension weakened.

Fully hadronic (Had) [1] 
~1000 B decay modes 

Neurobayes classifier

Semileptonic (SL) [2] 

Inclusive (Inc) [3,4] 
Signal side reconstructed 
first, then tag formed from 
the rest of the event 
Nπ0 + Nγ < 6, Nγ<3, 
Nlept=0 

Signal Analyses

b→u

General Techniques 
Examine missing mass, track 
multiplicity, and scalar sum of 
energy in the EM calorimeter

Tagging methods

New Physics Limits 
Measurements disfavour flavour blind type II 2HDM - they 
separately favour different tanβ/mH. NP may be more exotic. 
Final results with each tagging 
technique and each signature 
bring us closer to elucidating the 
nature of this tantalising NP hint in 
the semi tauonic modes. 
New observables, such as 
polarisation and kinematic spectra 
are also key, and in preparation.
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obtained assuming zero signal yield, respectively. The
likelihoods are obtained after convolving with a Gaus-
sian distribution that corresponds to the systematic er-
ror. We obtain a significance of 3.0σ including system-
atic uncertainties. The branching fraction is calculated
by B = Nsig/(2εNB+B−), where Nsig is the signal yield,
ε is the efficiency, and NB+B− is the number of B+B−

events. Equal production of neutral and charged B me-
son pairs in Υ(4S) decay is assumed. We obtain

B(B− → τ−ν̄τ ) = [0.72+0.27
−0.25(stat)± 0.11(syst)]× 10−4.

(2)
The result is summarized in Table I.
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FIG. 2: Distributions of EECL (top) and M2
miss (bottom)

combined for all the τ− decays. The M2
miss distribution is

shown for a signal region of EECL < 0.2 GeV. The solid
circles with error bars are data. The solid histograms show
the projections of the fits. The dashed and dotted histograms
show the signal and background components, respectively.

As a check, we fit the EECL and M2
miss distributions

while floating the yield for each of the four τ− decay
modes. The resulting yields, as well as the efficiencies and
the branching fractions, are listed in Table I. We include
the e−ν̄eντ , µ−ν̄µντ , and π−π0ντ cross-feeds in the π−ντ
candidate events in the e−ν̄eντ , µ−ν̄µντ , and π−π0ντ sig-
nal yields. The branching fractions are in good agreement
between different τ− decays. We also check the result af-
ter removing the K0

L veto, and obtain Nsig = 65+27
−25(stat)

and B(B− → τ−ν̄τ ) = [0.65+0.27
−0.25(stat)] × 10−4. These

checks are consistent with the nominal result. In addi-
tion, we perform one-dimensional fits to EECL and M2

miss

and divide the data sample into several subsets. All
results are in good agreement with the nominal result
within the statistical errors.

TABLE I: Results of the fit for B−
→ τ−ν̄τ yields (Nsig),

detection efficiencies (ε), and branching fractions (B). The
efficiencies include the branching fractions of the τ− decay
modes. The errors for Nsig and B are statistical only.

Sub-mode Nsig ε (10−4) B (10−4)
τ−

→ e−ν̄eντ 16+11
−9 3.0 0.68+0.49

−0.41

τ−
→ µ−ν̄µντ 26+15

−14 3.1 1.06+0.63
−0.58

τ−
→ π−ντ 8+10

−8 1.8 0.57+0.70
−0.59

τ−
→ π−π0ντ 14+19

−16 3.4 0.52+0.72
−0.62

Combined 62+23
−22 11.2 0.72+0.27

−0.25

Systematic errors for the measured branching fraction
are associated with the uncertainties in the signal yield,
the efficiencies, and the number of B+B− pairs. The sys-
tematic error from MC statistics of the PDF histograms
is evaluated by varying the content of each bin by its
statistical uncertainty. To estimate the systematic error
due to the possible signal EECL shape difference between
MC and data, the ratio of data to MC for the EECL his-
tograms of the B− → D∗0&−ν̄" sample is fitted with a
first-order polynomial and the signal EECL PDF is mod-
ified within the fitted errors. The uncertainties for the
branching fractions of the B decays that peak near zero
EECL are estimated by changing the branching fractions
in MC by their experimental errors [17] if available, or
by ±50% otherwise. The sizes of these backgrounds also
depend on the fractions of the events with correctly re-
constructed Btag, and related systematic uncertainties
are obtained by using the statistical errors for the frac-
tions in the MC simulation. To estimate the uncer-
tainty associated with the Btag efficiency for the signal,
B(B− → D∗0&−ν̄") obtained from the B− → D∗0&−ν̄"
sample is compared to the world average value [17]. The
results are consistent and the uncertainty of the measure-
ment is assigned as the systematic error. The systematic
errors in the signal-side efficiencies arise from the uncer-
tainty in tracking efficiency, particle identification effi-
ciency, π0 reconstruction efficiency, branching fractions
of τ− decays, and MC statistics. The systematic uncer-
tainty related to the K0

L veto efficiency is estimated from
the statistical uncertainties of the D0 → φK0

S control
sample and the fraction of events with K0

L candidates
in the B− → D∗0&−ν̄" sample. The total systematic er-
ror is calculated by summing the above uncertainties in
quadrature. The estimated systematic errors are sum-
marized in Table II.
The branching fraction measured here is lower than the

previous Belle result with a hadronic tagging method [6].
Using the first sample of 449×106BB̄ pairs, which corre-
sponds to the data set used in Ref. [6] after reprocessing,
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obtained assuming zero signal yield, respectively. The
likelihoods are obtained after convolving with a Gaus-
sian distribution that corresponds to the systematic er-
ror. We obtain a significance of 3.0σ including system-
atic uncertainties. The branching fraction is calculated
by B = Nsig/(2εNB+B−), where Nsig is the signal yield,
ε is the efficiency, and NB+B− is the number of B+B−

events. Equal production of neutral and charged B me-
son pairs in Υ(4S) decay is assumed. We obtain

B(B− → τ−ν̄τ ) = [0.72+0.27
−0.25(stat)± 0.11(syst)]× 10−4.

(2)
The result is summarized in Table I.
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FIG. 2: Distributions of EECL (top) and M2
miss (bottom)

combined for all the τ− decays. The M2
miss distribution is

shown for a signal region of EECL < 0.2 GeV. The solid
circles with error bars are data. The solid histograms show
the projections of the fits. The dashed and dotted histograms
show the signal and background components, respectively.

As a check, we fit the EECL and M2
miss distributions

while floating the yield for each of the four τ− decay
modes. The resulting yields, as well as the efficiencies and
the branching fractions, are listed in Table I. We include
the e−ν̄eντ , µ−ν̄µντ , and π−π0ντ cross-feeds in the π−ντ
candidate events in the e−ν̄eντ , µ−ν̄µντ , and π−π0ντ sig-
nal yields. The branching fractions are in good agreement
between different τ− decays. We also check the result af-
ter removing the K0

L veto, and obtain Nsig = 65+27
−25(stat)

and B(B− → τ−ν̄τ ) = [0.65+0.27
−0.25(stat)] × 10−4. These

checks are consistent with the nominal result. In addi-
tion, we perform one-dimensional fits to EECL and M2

miss

and divide the data sample into several subsets. All
results are in good agreement with the nominal result
within the statistical errors.

TABLE I: Results of the fit for B−
→ τ−ν̄τ yields (Nsig),

detection efficiencies (ε), and branching fractions (B). The
efficiencies include the branching fractions of the τ− decay
modes. The errors for Nsig and B are statistical only.

Sub-mode Nsig ε (10−4) B (10−4)
τ−

→ e−ν̄eντ 16+11
−9 3.0 0.68+0.49

−0.41

τ−
→ µ−ν̄µντ 26+15

−14 3.1 1.06+0.63
−0.58

τ−
→ π−ντ 8+10

−8 1.8 0.57+0.70
−0.59

τ−
→ π−π0ντ 14+19

−16 3.4 0.52+0.72
−0.62

Combined 62+23
−22 11.2 0.72+0.27

−0.25

Systematic errors for the measured branching fraction
are associated with the uncertainties in the signal yield,
the efficiencies, and the number of B+B− pairs. The sys-
tematic error from MC statistics of the PDF histograms
is evaluated by varying the content of each bin by its
statistical uncertainty. To estimate the systematic error
due to the possible signal EECL shape difference between
MC and data, the ratio of data to MC for the EECL his-
tograms of the B− → D∗0&−ν̄" sample is fitted with a
first-order polynomial and the signal EECL PDF is mod-
ified within the fitted errors. The uncertainties for the
branching fractions of the B decays that peak near zero
EECL are estimated by changing the branching fractions
in MC by their experimental errors [17] if available, or
by ±50% otherwise. The sizes of these backgrounds also
depend on the fractions of the events with correctly re-
constructed Btag, and related systematic uncertainties
are obtained by using the statistical errors for the frac-
tions in the MC simulation. To estimate the uncer-
tainty associated with the Btag efficiency for the signal,
B(B− → D∗0&−ν̄") obtained from the B− → D∗0&−ν̄"
sample is compared to the world average value [17]. The
results are consistent and the uncertainty of the measure-
ment is assigned as the systematic error. The systematic
errors in the signal-side efficiencies arise from the uncer-
tainty in tracking efficiency, particle identification effi-
ciency, π0 reconstruction efficiency, branching fractions
of τ− decays, and MC statistics. The systematic uncer-
tainty related to the K0

L veto efficiency is estimated from
the statistical uncertainties of the D0 → φK0

S control
sample and the fraction of events with K0

L candidates
in the B− → D∗0&−ν̄" sample. The total systematic er-
ror is calculated by summing the above uncertainties in
quadrature. The estimated systematic errors are sum-
marized in Table II.
The branching fraction measured here is lower than the

previous Belle result with a hadronic tagging method [6].
Using the first sample of 449×106BB̄ pairs, which corre-
sponds to the data set used in Ref. [6] after reprocessing,

Credit: 
J. Hasenbusch* (U. Bonn), 
P. Urquijo (U. Melbourne) 
On behalf of the Belle Collaboration 
 
4th July 2014, ICHEP 2014, Valencia, 
Spain 

*hasenbusch@physik.uni-bonn.de 

Y(4S)

Signal MC for NP 
Many models may be responsible for the pattern of observed 
phenomena. These are simulated using generic NP scenarios. 

NP modifies kinematic spectra - 
we model impact of new Vector 
(e.g. V+A), Scalar (e.g. Higgs), and 
Tensor propagators in a model 
independent way (Wilson Coeff.) 
[8]
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FIG. 2: EECL distribution for double semileptonic tagged
events. The points with error bars are data and the solid
histogram is the MC expectation scaled to the luminosity of
the data. The dashed histogram is the MC expectation mul-
tiplied by the correction function described in the text. The
inset shows the ratio of data to the MC expectation and the
correction function.

The agreement between MC and data is also confirmed
in B0 tagged events where the Btag is reconstructed in
B0 → D∗−!+ν decays. The contributions to the EECL

distribution are not only from beam background but also
include splitoff showers originating from Btag and Bsig

decay products. The relative fractions of these sources
are 21%, 53% and 26%, respectively, in the signal MC
sample. To take into account the possible difference
between MC and data descriptions of splitoff showers,
the signal EECL shape is calibrated using double tagged
events, in which the Btag is reconstructed in a semilep-
tonic decay as described above and Bsig is reconstructed
in the decay chain, B− → D∗0!−ν (D∗0 → D0π0), fol-
lowed by D0 → K−π+. Figure 2 shows the EECL dis-
tribution in the double tagged sample for data and for
the MC simulation scaled to the same luminosity. The
background in this control sample is negligibly small.
We find the EECL distribution of data tends to have a
slightly smaller width than MC. The difference between
the data and MC is parameterized as a first-order poly-
nomial function of EECL obtained by fitting the ratio of
data to MC for the EECL histograms of the double tagged
sample. The ratio and the fit result are also shown in
Fig. 2. The EECL histogram obtained from the signal
MC sample is multiplied by this correction function.

In the final fit, four parameters are allowed to vary:
the total signal yield and the sum of BB and contin-
uum backgrounds for each τ decay mode. The ratio
of the BB to the continuum background is fixed to the

value obtained from MC with the normalization correc-
tion applied. Other background contributions are fixed
to the MC expectation. We combine τ decay modes by
constraining the ratios of the signal yields to the ratio
of the reconstruction efficiencies obtained from MC in-
cluding the branching fractions of τ decays [16]. Fig-
ure 3 shows the EECL distribution overlaid with the fit
results. The EECL distribution for each τ decay mode
is also shown. We see a clear excess of signal events
in the region near zero and obtain a signal yield of
ns = 143+36

−35. The branching fraction is calculated as
B = ns/(2εNB+B−), where ε is the reconstruction effi-
ciency including the branching fraction of the τ decay
mode and NB+B− is the number of Υ(4S) → B+B−

events, assuming NB+B− = N
B0B

0 . Table I lists the
signal yields and the branching fractions obtained from
separate fits to each τ decay mode and the fit with all
three modes combined. The results of the individual fits
are consistent within statistics. The χ2 of the three re-
sults is 2.43 for two degrees of freedom, corresponding to
a 30% confidence level.
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FIG. 3: EECL distribution of semileptonic tagged events
with the fit result for (a) all τ decay modes combined, (b)
τ−

→ e−νeντ , (c) τ−
→ µ−νµντ and (d) τ−

→ π−ντ . The
points with error bars are data. The hatched histogram and
solid open histogram are the background and the signal con-
tributions, respectively.

Systematic errors for the measured branching fraction
are associated with the uncertainties in the signal yield,
efficiencies and the number of B+B− pairs. Unless ex-
plicitly stated otherwise, the systematic errors for each

Bsig
–Btag

772⋅106 pairs 
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charge, flavour & recoil kinematics
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B→D(*)τν: Overview Belle Measurements

signal extracted in M
tag

 and pD

Tagging Channel Data sample

inclusive B0→D*-τν 69% of full data

inclusive B±→D(*)0τν 85% of full data

hadronic B→D(*)τν 85% of full data

PRD 82, 072005(R) (2010)

arXiv:0910.4301

PRL 99, 191807 (2007)

R(D) 2.4σ

R(D*) 3.8σ
R(D(*)) 4.8σ

B→Dτν

B→D*τν

private averages by A. Bozek

Belle & BaBar

Search for New Physics with Electroweak Penguin Decays of  
B and Bs Mesons from Belle 

Direct Search : LHC  probes O(1)TeV 
Indirect Search : Flavor Physics probes O(100)TeV or more if new coupling is O(1) 

Electroweak bÆs,d processes are sensitive to new physics since 
    1. New particles can enter the loop 
    2. The SM processes are suppressed 
    3. Reliable theoretical predictions are possible 
 
 
 
 

Electroweak Penguin bÆs,d Decays 

Akimasa Ishikawa (Tohoku University) for the Belle Collaboration 
akimasa@epx.phys.tohoku.ac.jp 

4th July 2014, ICHEP 2014, Valencia, Spain  

Search for New Physics 

Belle has collected 
   711fb-1 on Y(4S) = 772×106 BB 
   121fb-1 on Y(5S) = 7.2×106 Bs

(*)Bs
(*) 

 
 
 
 

Belle Detector and Data Samples 

   Belle has searched for new physics with Electroweak Penguin Decays of B mesons with full data and Bs mesons 
with Partial data samples. No new physics is observed yet. Still important analyses are in pipeline such as BS  
results with full data samples. Stay tuned. 
   Belle II will search for new physics with 50 times larger data samples. 

Conclusion 

BF(BÆXsJ) with Sum of Exclusive�
  Branching fraction is sensitive to new physics such as charged 
Higgs in type II 2HDM. Measured by sum of exclusive  
reconstruction technique with 38 decay modes. The result is 
consistent with the SM. Charged Higgs mass > 238GeV at 95% CL. 

�

Theory    :  (3.15±0.23)×10-4 

Belle        :  (3.74±0.18±0.35)×10-4 

preliminary ACP(BÆXs+dJ)�

Time dependent CPV in BÆKsKJ)� AFB(BÆXsl�l�)�

  Direct CPV in BÆ Xs+dJ�is theoretically clean observable. In 
the SM, direct CPV is null. If the deviation is seen, its clear 
new physics signal. Measured with fully inclusive photon with 
lepton tagging method. The result is consistent with the SM. 

Theory    :  tiny, up to U spin breaking corrections 

Belle        :  (2.2±4.0±0.8)×10-4 

  Time dependent CPV parameter S in BÆXs
CPJ is small O(ms/mb) 

in the SM since photon is predominantly left-handed. However 
new physics having right handed current makes S (A) term larger 
than SM value. This result is out of physical boundary but 
consistent with the SM within the error. 

Theory    :  S = a few ~ several % 

Belle        :  S = �1.31±0.77±0.36 
                    A = ��0.48±0.41±0.07 

preliminary 

preliminary 

  Forward-Backward Asymmetry as a function of q2 in BÆXsl�l� , 
which arises by interference of vector and axial vector current, is 
sensitive to new physics (No form factor uncertainty!!). Measured 
by sum of exclusive reconstruction technique with 16 self flavor 
tagged modes by fitting to Mbc distributions for forward and 
backward regions. The results is consistent with a SM prediction. 

Low q2 [0.2:4.3] :  consistent with a SM prediction within 1.8V�
High q2 [10.2:25] : exclude negative AFB with 2.3V 

Benzke et al 
PRL 106 141801 (2011) Misiak et al  

PRL 98 022002 (2007) 

Charged Higgs Mass VS tanE�
Only from this result 

Isidori , Nir, and Perez,  Ann.Rev.Nucl.Part.Sci., 60, 355 (2010) 

Atwood, Gronau and  Soni, PRL 79 185 (1997) 
Atwood et al. PRD 71 076003 (2005) 

Grinstein et al, PRD 71, 011504 (2005)  
Grinstein and Pirjol, PRD 73, 014013 (2006)  
Matsumori and Sanda, PRD 73, 114022 (2006) 
Ball and Zwicky, PLB 642, 478-486 (2006) 

Measurement 
SM 

This result 
Sum of Exclusive 

Submitted to PRL, arXiv:1402.7134 

forward backward 

Exclusive Btag reconstruction

First we find an event with reconstructed Btag then we check if the rest of the tracks are consistent with signal
hypothesis.

Hadronic decay tags:
Btag ! D(⇤)

X (X = ⇡, ⇢,Ds , . . .)

Mbc =
q
E 2
beam

� p2
�E = E � Ebeam

Semileptonic decay tags:
Btag ! D(⇤)`⌫`

cos✓
B,D(⇤)` =

2Ecms
beam

E
cms

D
(⇤)`

�m2
B
�M2
D
(⇤)`

2Pcms
B

·Pcms
D
(⇤)`
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b→u

b→c

b→c

B+ ! ⌧+⌫ measurements summary

Naive world average B = (1.15± 0.23)⇥ 10�4.

Andrzej Boøek @ FPCP 2013 Buzios The B ! ⌧⌫ and B ! D̄
(⇤)⌧+⌫ measurements 12

Inclusive Btag reconstruction

First we reconstruct Bsig then the left over tracks and clusters in calorimeter are used to Btag reconstructions.

Signal extraction based on tag side variables:

Mtag =
q
E 2
beam

� p2
tag

Belle B� ! D̄⇤0⌧�⌫ :

Of course signal should be also visible on
signal side variables (MM2, D(⇤), h and `
momentum)

In Principe less constraints on signal side:

less model dependent constraints on signal
side distributions or,

kinematic distributions from fits in Mtag
bins

——————————————————
A. Matyja et al., [Belle Collaboration], Phys. Rev. Lett. 99, 191807 (2007)
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Figure 7.4.3. Purity-e�ciency plots for hadronic B+
tag (left) and B0

tag (right) as obtained by Belle with neural network based
selection (NB) and cut-based selection (Feindt et al., 2011). The network based selection can include no continuum suppression
variables (blue), only simple ones (green) or Super-Fox-Wolfram moments (SFWM; red).

reconstructed D mesons are required to be within ±3�
(±2.5�) at BABAR (Belle) of their nominal mass value. As
explained in Section 7.2 the cosine of the angle between
the B meson and the D(⇤)` candidate momenta, cos ✓B,D`

defined in Eq. (7.2.2), is a powerful discriminant. In case
the D` and the neutrino are the only decay products of
the B then cos ✓B,D` must lie in the physical region be-
tween ±1. If additional decay products from the cascade
of a higher mass charm state down to the D0 go unre-
constructed then this will force the value of cos ✓B,D` to
be smaller. In order to keep such candidates events with
cos ✓B,D` between �2.5 and +1.1 are usually accepted.
The positive limit is allowed to be slightly outside of the
physical region to account for detector and reconstruc-
tion e↵ects. Of course, for the reconstruction of exclusive
channels (B� ! D0`�⌫`, B� ! D⇤0`�⌫`, B0 ! D+`�⌫`

and B0 ! D⇤+`�⌫`), the selection is tightened to only
consider the physical region.

A typical B� ! D0`�⌫`X selection at BABAR yields
an e�ciency of approximately 6 ⇥ 10�3 with a mode de-
pendent purity which averages to ⇠ 60%. For the neutral
B reconstruction the e�ciency is typical half that of a
similar charged B selection.

The loss of a neutrino in the semileptonic tagging mode
limits the constraints that can be imposed compared to
the case when all of the B meson decay products are
reconstructed. For example the signal B direction can-
not be found as is possible for hadronic B reconstruction.
However, this constraint is not of paramount importance
in the analysis of signal decay modes to final state with
more than one neutrino like for example B+ ! ⌧+⌫⌧ or
B0 ! ⌫⌫). The knowledge of signal B momentum enables
calculation of missing mass which is a very powerful vari-
able to separate signal B decays with a single neutrino in
the final state from background decays, but becomes weak
when multiple neutrinos are present in the signal B decay.

7.4.3 Inclusive Btag reconstruction

As discussed in the previous two sections the reconstruc-
tion of the recoil B meson using the hadronic and semi-

leptonic Btag samples has many benefits, however su↵ers
from low reconstruction e�ciencies. To increase the statis-
tics Belle adopted an inclusive Btag reconstruction (Bozek,
2010; Matyja, 2007) in studies of semitauonic B ! D(⇤)⌧�⌫
decays (see Section 17.10). In contrast to the measure-
ments utilizing the hadronic or semileptonic recoil Btag

reconstruction technique the procedure in this case is first
to reconstruct the signal side (pairs of a D(⇤) and a lep-
ton or pion from tau decay). In the second step the Btag

is inclusively reconstructed from all remaining particles
passing certain selection criteria however without checking
consistency with any specific B-meson decays. The num-
ber of neutral particles on the tagging side N⇡0 + N� < 6
and N� < 3. The quality of Btag reconstruction and sup-
pression of background is further improved by requiring
zero total charge and net proton/antiproton number, no
leptons on the tagging side and extra energy to be close
to zero (less then 350 MeV). These criteria reject events
in which some particles from the signal or tagging side
were undetected and suppress events with a large number
of spurious showers. The consistency of Btag with a B-
meson decay is checked using the beam constrained mass,
mES, and the energy di↵erence, �E. The simulation and
reconstruction of the inclusive Btag sample is checked us-
ing a control sample of events, where the B ! D⇤�⇡+

decays (followed by D⇤�⇡�, D0 ! K+⇡�) are recon-
structed on the signal side. Figure 7.4.4 shows the mES

and �E distributions of the control sample for data and
the MC simulation. The good agreement of the shapes
and of the absolute normalization demonstrates the valid-
ity of the MC-simulations for Btag decays. While the mES

distribution shows a clear peak at the B-meson mass, the
�E distribution is very broad. On the negative side events
with undetected particles contribute and the main source
of the events with �E > 0 are spurious showers in the
electromagnetic calorimeter from secondary interactions
of hadrons. These clusters add linearly to �E, but tend
to average in the vector sum of their momenta that enters
the calculation of mES, see Eq. (7.1.8).

Hadronic tag calibration at Belle
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The missing mass squared
distribution was fitted
separately for each hadronic
tag mode and charmed
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For each tag mode the
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calculated over all charmed
semileptonic modes and used
to reweight events in the MC.

A.Sibidanov - University of Sydney HQL2012 11 June 2012 Exclusive charmed/charmless semileptonic decays of B mesons 29 / 30

6

0

1

3 4 5 6 7 8 9 10 11 12

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

q2
cut [GeV2]

Γ̂
(q

2 cu
t)

B → Xcτν

LO
NLO
NLO+1/m2

b

0

1

2

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.8 2.2 2.4 2.6
Ecut [GeV]

Γ̃
(E

cu
t)

B → Xcτν

LO
NLO
NLO+1/m2

b

NLO+1/m2
b+SF

FIG. 4. The OPE predictions for the fraction of events above a certain cut in dΓ/dq2 (left) and dΓ/dEτ (right) in B → Xcτ ν̄.
The meaning of the curves is the same as in Fig. 2. The shaded band shows the total uncertainties in the full result.

rates can be predicted precisely if one makes no cuts in
the regions q2 >∼ 9GeV2 and Eτ

>∼ 2.2GeV.

Recent measurements of the B̄ → Dτ ν̄ and B̄ → D∗τ ν̄
decay rates indicate possible deviations from the stan-
dard model. The BaBar and Belle measurements of these
exclusive modes are consistent with one another, but are
in some tension with LEP measurements of the inclusive
B → Xcτ ν̄ rate. This makes a new measurement of the
inclusive B → Xcτ ν̄ decay rate particularly timely, es-
pecially since no results are available from the e+e− B
factories, and measurements may be possible using the
existing data sets. Given the current tensions, measur-
ing B → Xcτ ν̄ will also be important with Belle II data.

Since it might only be possible to measure the inclu-
sive rate in limited regions of phase space, precise theory
predictions for differential distributions are required, and
the calculations presented here should help to improve
the experimental sensitivities.
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Methods for Analyzing B→τν

Btag reconstructed from

• hadronic decays B→D(*)π, etc.,

• semileptonic decays B→D(*)lν.

Very challenging at hadron colliders due to multiple neutrinos.
At the B factories, we tag one of the B mesons in e+e−→Υ(4S)→BB.

D(*)

K
π

π’s
Btag

, etc.

Υ(4S)
τ

ν’s μ, e, π, etc.

ν Bsig

Bsig extracted by using

• extra energy (“EECL” or “Eextra”),

• missing mass squared (“Mmiss2”).

4

τ

e

ν

ν

τ τ τ

π

ν

π
π0

ρ

ν

a1

ν

π
π
π

Ongoing searches for new physics in B decays with tau leptons.

The e↵ective Lagrangian that contains all conceivable four-Fermi operators is written as

� Le↵ = 2
p
2GFVcb

X

l=e,µ,⌧

⇥
(�l⌧ + C l

V1
)Ol

V1
+ C l

V2
O

l

V2
+ C l

S1
O

l

S1
+ C l

S2
O

l

S2
+ C l

T
O

l

T

⇤
, (4)

where the four-Fermi operators are defined by

O
l

V1
= c̄L�

µbL ⌧̄L�µ⌫Ll , (5)

O
l

V2
= c̄R�

µbR ⌧̄L�µ⌫Ll , (6)

O
l

S1
= c̄LbR ⌧̄R⌫Ll , (7)

O
l

S2
= c̄RbL ⌧̄R⌫Ll , (8)

O
l

T
= c̄R�

µ⌫bL ⌧̄R�µ⌫⌫Ll , (9)

and C l

X
(X = V1,2, S1,2, T ) denotes the Wilson coe�cient of O

l

X
. Here we assume that the

light neutrinos are left-handed.1 The neutrino flavor is specified by l, and we take all cases

of l = e, µ and ⌧ into account in the contributions of new physics. Since the neutrino flavor

is not observed in the experiments of bottom decays, the neutrino mixing does not a↵ect the

following argument provided that the Pontecorvo-Maki-Nakagawa-Sakata matrix is unitary.

The SM contribution is expressed by the term of �l⌧ in Eq. (4). We note that the tensor

operator with the opposite set of quark chiralities identically vanishes: c̄L�µ⌫bR ⌧̄R�µ⌫⌫Ll = 0.

B. Helicity amplitudes

The helicity amplitude of B̄ ! M⌧ ⌫̄ (M = D,D⇤) is written as

M
�⌧ ,�M
l

= �l⌧ M
�⌧ ,�M
SM + M

�⌧ ,�M
V1,l

+ M
�⌧ ,�M
V2,l

+ M
�⌧ ,�M
S1,l
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FIG. 1: Predictions on the branching ratios as functions of the absolute value of Wilson coe�cient

|C⌧

X
| for X = V1,2, S1,2, T . The predictions of new physics e↵ects for the operators O

e,µ

X
are given by

the lines for �X = ⇡/2 in these graphs. The light blue horizontal bands represent the experimental

values.

errors in the overall magnitudes of�(w) and�3(w) as uncertainties in addition to the ranges

of ⇢21, ⇢
2
A1
, R1(1) and R2(1). The horizontal bands with dashed boundaries in Fig. 1 represent

the experimental values given in Eq. (2). From these results, we find that the sensitivity to

the magnitude of the Wilson coe�cient varies depending on each operator. We note that

the theoretical uncertainties are su�ciently smaller than the present experimental accuracy.

Therefore, we use the central values of the theoretical predictions in the rest of this work
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•“all conceivable four-Fermi operators”

M. Tanaka et al., arXiv:1212.1878
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Search for New Physics with Electroweak Penguin Decays of  
B and Bs Mesons from Belle 

Direct Search : LHC  probes O(1)TeV 
Indirect Search : Flavor Physics probes O(100)TeV or more if new coupling is O(1) 

Electroweak bÆs,d processes are sensitive to new physics since 
    1. New particles can enter the loop 
    2. The SM processes are suppressed 
    3. Reliable theoretical predictions are possible 
 
 
 
 

Electroweak Penguin bÆs,d Decays 

Akimasa Ishikawa (Tohoku University) for the Belle Collaboration 
akimasa@epx.phys.tohoku.ac.jp 

4th July 2014, ICHEP 2014, Valencia, Spain  

Search for New Physics 

Belle has collected 
   711fb-1 on Y(4S) = 772×106 BB 
   121fb-1 on Y(5S) = 7.2×106 Bs

(*)Bs
(*) 

 
 
 
 

Belle Detector and Data Samples 

   Belle has searched for new physics with Electroweak Penguin Decays of B mesons with full data and Bs mesons 
with Partial data samples. No new physics is observed yet. Still important analyses are in pipeline such as BS  
results with full data samples. Stay tuned. 
   Belle II will search for new physics with 50 times larger data samples. 

Conclusion 

BF(BÆXsJ) with Sum of Exclusive�
  Branching fraction is sensitive to new physics such as charged 
Higgs in type II 2HDM. Measured by sum of exclusive  
reconstruction technique with 38 decay modes. The result is 
consistent with the SM. Charged Higgs mass > 238GeV at 95% CL. 
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Theory    :  (3.15±0.23)×10-4 

Belle        :  (3.74±0.18±0.35)×10-4 

preliminary ACP(BÆXs+dJ)�

Time dependent CPV in BÆKsKJ)� AFB(BÆXsl�l�)�

  Direct CPV in BÆ Xs+dJ�is theoretically clean observable. In 
the SM, direct CPV is null. If the deviation is seen, its clear 
new physics signal. Measured with fully inclusive photon with 
lepton tagging method. The result is consistent with the SM. 

Theory    :  tiny, up to U spin breaking corrections 

Belle        :  (2.2±4.0±0.8)×10-4 

  Time dependent CPV parameter S in BÆXs
CPJ is small O(ms/mb) 

in the SM since photon is predominantly left-handed. However 
new physics having right handed current makes S (A) term larger 
than SM value. This result is out of physical boundary but 
consistent with the SM within the error. 

Theory    :  S = a few ~ several % 
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which arises by interference of vector and axial vector current, is 
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by sum of exclusive reconstruction technique with 16 self flavor 
tagged modes by fitting to Mbc distributions for forward and 
backward regions. The results is consistent with a SM prediction. 

Low q2 [0.2:4.3] :  consistent with a SM prediction within 1.8V�
High q2 [10.2:25] : exclude negative AFB with 2.3V 
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Figure 7.4.4. The mES (= mbc) (a) and �E (b) distribu-
tions for inclusively reconstructed Btag using a B0 ! D⇤�⇡+

recoil control sample from data (points with error bars) and
MC (histograms) (Matyja, 2007). The �E (mES) of Btag can-
didates is required to be between �0.25 and 0.05 GeV (larger
then 5.27 GeV/c2) when plotting mES (�E).

7.4.4 Double tagging

There are two assumptions made when using the recoil
method: the first is that the B reconstruction e�ciency is
well modeled by the Monte Carlo simulations of generic
B decays and continuum events. The hadronic Btag re-
construction e�ciencies defined in Eqs (7.4.4) and (7.4.3)
depend on the decay rates of B-meson decays to final state
included in the reconstruction. Some of them are poorly
known and hence the Btag reconstruction e�ciencies de-
termined on simulated samples need to be validated or cal-
ibrated using the real data sample. The second is that for
analyses with few reconstructed particles from the signal
B, the extra energy used to discriminate signal from back-
ground events is also well-modeled. These assumptions can
be checked by using control samples which test both the
tag B reconstruction e�ciency and the description of ex-
tra energy in a fully-reconstructed event. Both BABAR and
Belle use double-tagged samples, in which both B mesons
are fully reconstructed either in semileptonic or hadronic
final states, as such a control.

The crosscheck using the double-tag approach was first
applied by BABAR (Aubert, 2004y), using double semilep-
tonic B decays. For the semileptonic Btag technique de-
scribed in Section 7.4.2 this means the reconstruction of
two oppositely charged and non-overlapping B ! D0`⌫`X
candidates with little other detector activity. Both BABAR
and Belle have also used “hybrid double-tags”, where one
B is reconstructed in a hadronic final state while the
second B is reconstructed in a semileptonic final state
(B ! D(⇤)`⌫`). These samples vary in size, depending
on the final states used, but given a semileptonic tag re-
construction e�ciency (quoted by BABAR) of ⇠ 0.7% and
a hadronic tag e�ciency of ⇠ 0.2%, one expects to find
approximately 50 semileptonic double-tagged events per
fb�1, 30 hybrid tags per fb�1, and 4 hadronic double-
tagged events per fb�1. Given the large datasets of the B
Factories, and the expected dataset at future super flavor
factories, these are significant samples which can be used
as important cross-checks of the assumptions in the recoil
method.

The double-tagged events have two important features.
The first is that one expects näıvely the yield to be propor-
tional to "2

tag, which is the basis of the cross-check of the
tag e�ciency. The second is that the complete reconstruc-
tion of both B mesons creates an environment in which
the extra energy in a given event should represent the ef-
fect of energy deposits unassociated with the B decays
themselves. This latter feature is an important ingredient
in the cross-check of the extra energy modeling in signal
events, where it is also assumed that all detected particles
associated with the B decays have been reconstructed.

The cross-check of the tag e�ciency is currently only
used in the semileptonic approach, and only by BABAR.
The early approach to the double-tag sample (Aubert,
2006a) made two assumptions. Given an e�ciency, "tag,
for reconstructing one of the two Bs in an event in a se-
mileptonic final state, the number of double tags (N2) is
given simply by

N2 = "2
tag ⇥NB+B� (7.4.5)

where NB+B� is the number of charged B pairs originally
produced by the B Factory or generated in Monte Carlo
simulations. The tag e�ciency cross-check was performed
by taking the ratio of the above equation in data and in
MC simulation and assuming that the double-tag sample
is dominated by charged B mesons so that NB+B� can-
cels, yielding the correction factor (ctag) for the tagging
e�ciency in MC,

ctag =
"data
tag

"MC
tag

=

s
Ndata

2

NMC
2

. (7.4.6)

While MC studies of the double-tags suggest that the con-
tamination from neutral B decays, or other backgrounds,
is very small, the second assumption - that the reconstruc-
tion of the first B does not bias the reconstruction of the
second - is not addressed. The closeness of the correction
to 1.0, as cited by BABAR, does suggest that also the sec-
ond assumption is essentially correct.

A second approach to the e�ciency correction attempts
to address some of the potential deficiencies of the first
method outlined above. In the alternative approach (Au-
bert, 2007a), the data/MC comparison is performed using
the ratio of single-tagged to double-tagged events. If the
e�ciency of reconstructing the first tag is "tag,1 and the
e�ciency of reconstructing the second tag is "tag,2, then
the single-tag and double-tag yields, N1 and N2, are given
by

N1 = "tag,1 ⇥NB+B� (7.4.7)
N2 = "tag,1 ⇥ "tag,2 ⇥NB+B� . (7.4.8)

The ratio of the two cancels some of the common factors,
yielding the following quantity to be determined in both
data and MC simulations,

"tag,2 =
N2

N1
(7.4.9)

BABAR determines the number of single-tagged events
by subtracting the combinatorial component under the D0
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Figure 5.4.1. Performance of the PID at Belle as a function of the momentum of the candidate charged track for the data and
MC-simulated events. (a) Performance of kaon identification: kaon e�ciency and pion mis-identification rate. (b) Performance
of pion identification: pion e�ciency and kaon mis-identification rate. (c) Performance of proton identification. (d) Performance
of electron identification. (e) Performance of muon identification. In (c), (d) and (e), only e�ciencies respectively for protons,
electrons and muons are shown for the data and MC simulated events.
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Type �UU �DD �LL

I cot� cot � cot �

II cot � � tan� � tan�

III cot � � tan� cot �

IV cot� cot � � tan�

Table 1.1: Yukawa couplings for the four types of 2HDM. U , D and L stand respectively for the up-type quarks,

the down-type quarks and the leptons.

Type ⇠u ⇠d

I � cot
2
� cot

2
�

II 1 tan
2
�

X 1 -1

Y -1 � cot
2
�

Table 1.2: Yukawa couplings for the four types of 2HDM. U , D and L stand respectively for the up-type quarks,

the down-type quarks and the leptons.

where `i refers to leptonic decays with i particles in the final state, and 0
+ ! 0

+
corresponds to nuclear beta

decay.

In general 2HDM, Eq. (1.51) reads

R`23 =

����1�
m

2
K+

M
2
H+

✓
1� md

ms

◆
�ss�µµ

���� , (1.52)

where the Yukawa couplings �ss,�µµ can be found in Table 1.2 for the four types of 2HDM Yukawa sectors.

1.4 Notation

C
u
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mbm⌧

m
2
H

⇠d (1.53)

C
u

S2
=

mum⌧

m
2
H

⇠u (1.54)

C
c

S2
=

mcm⌧

m
2
H

⇠u (1.55)

Note that in the case of any leptonic decay with a light meson, the light meson is very highly kinematically

suppressed unless the ⇠ term is very very large

The general form of a leptonic 2HDM decay is as follows:

B[M ! `⌫] = B[M ! `⌫]SM ⇥ (1 + rH)
2

(1.56)

where rH can be most generally expressed in one of two ways (depending on the author):

rH =

✓
(mqu�uu �mqd�dd)�``

mqu + mqd

◆ ✓
mM

mH+

◆2

(1.57)

or

rH =

✓
(mqu⇠u �mqd⇠d)

mqu + mqd

◆ ✓
mM

mH+

◆2

(1.58)

In Type 3, a large contribution from ⇠u can allow for reconciliation of the the data.

rH =

✓
1 +

m
2
B

mbm⌧

(CR � CL)

CSM

◆
(1.59)
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6 Input comparison to 2010 CKMFitter paper

7 Charged Higgs

7.1 Leptonic Decays

Leptonic B decays can be expressed in Supersymmetry as:

BR(Bu ! ⌧⌫⌧ ) =
G

2
F
f

2
B

|Vub|
2

8⇡
⌧BmBm

2
⌧

✓
1�

m
2
⌧

m
2
B

◆2 
1�

✓
m

2
B

m
2
H+

◆
tan2

�

1 + ✏0 tan�

�2

, (1)

where ✏0 is a correction to tan�, and ⌧B is the B
± meson lifetime.

The following ratio is usually considered to express the new physics contributions:

R
MSSM
⌧⌫⌧

=
BR(Bu ! ⌧⌫⌧ )MSSM

BR(Bu ! ⌧⌫⌧ )SM
=


1�

✓
m

2
B

m
2
H+

◆
tan2

�

1 + ✏0 tan�

�2

, (2)

In the 2HDM, Eq. (1) takes the form

BR(Bu ! ⌧⌫⌧ ) =
G

2
F
f

2
B

|Vub|
2

8⇡
⌧BmBm
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⌧
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2
B
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1�

✓
m

2
B

m
2
H+

◆
�bb�⌧⌧

�2

, (3)

where the Yukawa couplings �bb,�⌧⌧ can be found in Table 6 for the four types of 2HDM Yukawa sectors.

7.2 Branching ratio of B ! D⌧⌫⌧

The semileptonic decay B ! D⌧⌫⌧ is similar to Bu ! ⌧⌫⌧ . The SM helicity suppression here occurs only near the kinematic
endpoint. The branching ratio of B ! D⌧⌫⌧ on the other hand is about 50 times larger that the branching ratio of Bu ! ⌧⌫⌧

in the SM.

In supersymmetry, the partial rate of the transition B ! D`⌫` (where ` = e, µ or ⌧) can be written in function of w

as [?]

d�(B ! D`⌫`)
dw

=
G

2
F

|Vcb|
2
m

5
B

192⇡3
⇢V (w) (4)
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����1� t(w)
mb

(mb �mc)m2
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�

1 + ✏0 tan�

����
2

⇢S(w)

#
,

where w is a kinematic variable defined as:

w =
1 + (mD/mB)2 � (pB � pD)2/m

2
B

2mD/mB

, (5)

with pD and pB the meson four-momenta, and t(w) = m
2
B

+ m
2
D
� 2w mD mB . Again, ✏0 is given in Eq. (??), and

t(w) = m
2
B
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The vector and scalar Dalitz density contributions read [?]
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where G(w) and �(w) are hadronic form factors. G(w) can be parametrized as

G(w) = G(1)⇥ [1� 8⇢
2
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and �(w) is

�(w) = 0.46 ± 0.02 . (1.13)

The parameters G(1) and ⇢
2

are given in Appendix ??. Integrating Eq. (1.5) over w leads as a result to the

value of the branching ratio.

The following ratio
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BR(B ! D

0
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BR(B ! D0e⌫e)
(1.14)

is also considered in order to reduce some of the theoretical uncertainties. It can be calculated using Eq. (1.5).

The following is the full numerical evaluation of the phase space in the ratio calculation. Firstly we show

the leptonic decay formula.

We factor out the normalisation parameters, such as the CKM parameter |Vcb|.
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•Refactorised HQET expressions. See backup for full formulae 
(Tanaka et al.)
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B → D(*) τν
•Expecting several new Belle 

results:  
We’re including correlation 
between D and D*: Ideally HFAG 
averaged - will be done after Belle 
releases the new results.

14
April 2014 UoM Physics Colloquium Phillip URQUIJO

Introduction b ! (u, c)⌧⌫ b ! s(�, ``) b ! s⌫⌫̄ New physics in B decays

Puzzles in charged currents

Several 2�-ish deviations in b ! c and b ! u transitions

R(B ! D⌧⌫)
R(B ! D`⌫)

= 1.49 ± 0.26
R(B ! D⇤⌧⌫)

R(B ! D⇤`⌫)
= 1.32 ± 0.12

R(B ! ⌧⌫)

R(B ! ⇡`⌫)
= 2.38 ± 0.66

✓
R(X) =

BR(X)
BR(X)SM

◆

[Lees et al. 1205.5442, Fajfer et al. 1206.1872]

Violation of lepton flavour universality?

David Straub (Universe Cluster) 4

!42

B → D(*)τν

• B → D* τν :

   Expected B ~ 1.4% in SM (large)

   But, large background (D*(**)lν, D*X)

➢Involves > 2 ν (Missing E): 

Belle II
2022

D*

D
SM

SM

Ch
ar

ge
d 

Hi
gg

s 
Se

ar
ch

es

H+/

•Belle II will explore new Scalar, Vector or Tensors (only way to 
reconcile D and D* differences simultaneously)

•Type II 2HDM is ruled out & flavour blind: NP has flavour structure 

•V+A currents, etc.

•note: Not sure if Type II 2HDM is dead…  
(same results imply SM is dead  - close to 
5sigma in naive average!) 

•Considering inclusive X tau nu input (Zoltan 
has updated the predictions this week)
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Conclusions

● Dropping second lepton requirement:

● much more statistics!

● reduced total uncertainty

● floating B→D**lν further 

decrease systematics!

● More studies soon (e.g. Data/MC 
comparison)

● Best single measurement!

● For the future: combine single and 
dilep modes?

● Included in BN1319, upload after the 
talk.  9/10
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Generic Expressions: Leptonic

7

Type �UU �DD �LL

I cot� cot � cot �

II cot � � tan� � tan�

III cot � � tan� cot �

IV cot� cot � � tan�

Table 1.1: Yukawa couplings for the four types of 2HDM. U , D and L stand respectively for the up-type quarks,

the down-type quarks and the leptons.

Type ⇠u ⇠d

I � cot
2
� cot

2
�

II 1 tan
2
�

X 1 -1

Y -1 � cot
2
�

Table 1.2: Yukawa couplings for the four types of 2HDM. U , D and L stand respectively for the up-type quarks,

the down-type quarks and the leptons.

where `i refers to leptonic decays with i particles in the final state, and 0
+ ! 0

+
corresponds to nuclear beta

decay.

In general 2HDM, Eq. (1.51) reads

R`23 =

����1�
m

2
K+

M
2
H+

✓
1� md

ms

◆
�ss�µµ

���� , (1.52)

where the Yukawa couplings �ss,�µµ can be found in Table 1.2 for the four types of 2HDM Yukawa sectors.

1.4 Notation

C
u

S1
=

mbm⌧

m
2
H

⇠d (1.53)

C
u

S2
=

mum⌧

m
2
H

⇠u (1.54)

C
c

S2
=

mcm⌧

m
2
H

⇠u (1.55)

Note that in the case of any leptonic decay with a light meson, the light meson is very highly kinematically

suppressed unless the ⇠ term is very very large

The general form of a leptonic 2HDM decay is as follows:

B[M ! `⌫] = B[M ! `⌫]SM ⇥ (1 + rH)
2

(1.56)

where rH can be most generally expressed in one of two ways (depending on the author):

rH =

✓
(mqu�uu �mqd�dd)�``

mqu + mqd

◆ ✓
mM

mH+

◆2

(1.57)

or

rH =

✓
(mqu⇠u �mqd⇠d)

mqu + mqd

◆ ✓
mM

mH+

◆2

(1.58)

In Type 3, a large contribution from ⇠u can allow for reconciliation of the the data.

rH =

✓
1 +

m
2
B

mbm⌧

(CR � CL)

CSM

◆
(1.59)
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Search for exotica at Belle                    Jan Hasenbusch

B→τν: Reminder 

Data
Signal
Background

PRL 110, 131801 (2013)

E
ECL

<0.2 GeV

signal events observed

Signal extracted from 2D max. Likelihood fit to (E
ECL

, M2
miss

)

Tag side fully reconstructed in hadronic modes

τ reconstructed as eνν, µνν, πν and ρν

No additional tracks or π0 except from the B
tag

M2

miss
 = ( p

tot
 – p

tag
 – p

signal 
)2 

→ Charge, Flavour and momentum of signal B known

→ Look at residual energy E
ECL

 in detector

All channels combined All channels combined
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Search for exotica at Belle                    Jan Hasenbusch

D*0τν D*0τν

Data (w Errorbars)
Total
Signal
Background

B→D(*)τν: Overview Belle Measurements

signal extracted in M
tag

 and pD

Tagging Channel Data sample

inclusive B0→D*-τν 69% of full data

inclusive B±→D(*)0τν 85% of full data

hadronic B→D(*)τν 85% of full data

PRD 82, 072005(R) (2010)

arXiv:0910.4301

PRL 99, 191807 (2007)

R(D) 2.4σ
R(D*) 3.8σ
R(D(*)) 4.8σ

B→Dτν

B→D*τν

private averages by A. Bozek

Belle & BaBar
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Figure 7.4.1. The Eextra(= EECL) distribution of simulated
signal and background events. Belle internal, from the B+ !
⌧+⌫⌧ Adachi (2012b) analysis.

“recoil”-B (Brecoil) or “signal”-B (Bsig),32 and are com-
pared with the signature expected for the signal mode. In
studies of the example decay, B+ ! K+⌫⌫ the presence of
exactly one charged track (positively identified as a kaon)
not used in the reconstruction of the Btag is required. An
additional powerful variable which allows for separation
of signal and background is the remaining energy in the
calorimeter, denoted as Eextra at BABAR or as EECL at
Belle. It is defined as the sum of the energy deposits in
the calorimeter that cannot be directly associated with the
reconstructed daughters of the Btag or the Brecoil. Figure
7.4.1 shows a typical distribution of simulated signal and
background events. For signal events (e.g. example decays
given in beginning of this subsection), Eextra must be ei-
ther zero or a small value arising from beam background
hits and detector noise, since neutrinos do not loose any
energy in the calorimeter. On the other hand, background
events are distributed toward higher Eextra due to the
contribution from additional clusters, produced by unas-
signed tracks and neutrals from the mis-reconstructed tag
and recoil B mesons. For signal B-meson decays to a fi-
nal state with only one neutrino (like the example de-
cay B0 ! D�`⌫`) where the Btag is reconstructed in a
hadronic decay mode, the neutrino momentum can be in-
ferred using the momentum conservation relation from the
measured momenta of Btag, D� and `, and known initial
state: p⌫`

= pe�+pe+�pBtag
�pD��p`. This allows for the

construction of a powerful kinematic constraint – missing
mass squared, defined as MM2 = |p⌫ |2, which peaks at
the neutrino mass (MM2 = 0) for correctly reconstructed
events.

In studies of B-meson decay modes using the exclusive
recoil B-meson reconstruction technique the number of
reconstructed signal decays is linearly proportional to the
e�ciency of the Btag reconstruction, which is given by

"Btag
=

X

f

"fBf , (7.4.1)

32 The terms used for this B meson in the various BABAR and
Belle papers are not consistent. Elsewhere in this book we use
the term Bsig.

and the sum runs over the B-meson decays to the exclu-
sively reconstructed final states f . The "f are the corre-
sponding reconstruction e�ciencies and the Bf are the
branching fractions of the B ! f decays. In order to
achieve as high e�ciency as possible a large number of
B-meson decay modes are used for the Btag reconstruc-
tion. On the quark level B mesons decay dominantly via
b! cW+ transitions, where the virtual W materializes ei-
ther into a pair of leptons `⌫` (semileptonic decay), or into
a pair of quarks, ud or cs, which then hadronize. The most
common choice for exclusive Btag reconstruction are there-
fore semileptonic B ! D(⇤)`�⌫` decays (semileptonic Btag

reconstruction) and hadronic B ! D(⇤)n⇡, D(⇤)D(⇤)
s or

B ! J/ Km⇡ (hadronic Btag reconstruction), where n
and m indicate any number (n, m  10) of charged or
neutral pions and kaons, respectively. The branching frac-
tions of these hadronic decay modes are between 10�3

and up to 10�2, and the branching fraction for inclusive
semileptonic decays33 of a B meson to a D meson plus
anything else is around 20%. The two analysis techniques
are complimentary and non-overlapping and, as such, can
be readily combined to improve the sensitivity of any re-
coil B analysis. This essentially doubles the size of the
available Btag sample.

Many decay modes for which the B meson cannot be
exclusively reconstructed rely on these methods to make
measurements feasible. For the proposed high luminosity
asymmetric e+e� super flavor factories, measurements of
B decays, not related to CP violation or the CKM picture
of the Standard Model, will benefit from recoil methods.
This corresponds to a wide program of purely leptonic,
semileptonic and radiative penguin34 B decays. Further-
more, with a huge dataset the recoil methods will provide
a clean “single B beam” which will permit the extraction
of hadronic B decay branching fractions using a missing
mass technique.

In this section the general idea behind the recoil B-
meson reconstruction has been presented. In addition the
variables or constraints which can be imposed in studies
of B-meson decays involving one or more neutrinos with
recoil B-meson technique have been briefly described. The
rest of this section is devoted to the description of di↵erent
approaches to Btag reconstruction. More details on anal-
yses of decay modes utilizing the recoil B-meson recon-
struction (given in Table 7.4.1) can be found in Sections
17.9, 17.10 and 17.11.

7.4.1 Hadronic tag B reconstruction

The full reconstruction of one B meson, decaying hadron-
ically, has been utilized in a multitude of analyses by the
B Factories (see Table 7.4.1). The approaches of BABAR
and Belle di↵er somewhat, providing samples which vary
33 Semitauonic decays are not included in this case.
34 A penguin decay is represented by a higher order Feynman
diagram including a loop with a W or Z boson; a quark in the
loop undergoes a tree process - either a strong interaction one,
or electroweak one.

ν

B + + +

B0→D*τν by Inclusive Tag from Belle
(      )_

• PRL 99, 191807 (2007).

• Use 535 M BB.

• First observation of signal (5.2σ).

B(D�+���̄� ) = [2.02+0.40
�0.37(stat)± 0.37(syst)]%

Syst. from tag efficiency, sig efficiency, etc.

Peaking BG
from B→D*eν

Signal

Largest, estimated from control sample B0→D*−π+.

Consistent with SM value (1.41±0.07)% [C.-H. Chen and C.-Q. Geng, JHEP10, 053 (2006)].
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Methods for Analyzing B→τν

Btag reconstructed from

• hadronic decays B→D(*)π, etc.,

• semileptonic decays B→D(*)lν.

Very challenging at hadron colliders due to multiple neutrinos.
At the B factories, we tag one of the B mesons in e+e−→Υ(4S)→BB.

D(*)

K
π

π’s
Btag

, etc.

Υ(4S)
τ

ν’s μ, e, π, etc.

ν Bsig

Bsig extracted by using

• extra energy (“EECL” or “Eextra”),

• missing mass squared (“Mmiss2”).

4

88

Figure 7.2.1. The cos ✓B,D⇤` distribution for B0 ! D⇤�e+⌫e

decays (Dungel, 2010). The points with error bars are data and
full histograms are, top to bottom, the signal component and
di↵erent types of background. Signal decays are constrained to
lie in the interval (�1, 1), while background decays populate a
much wider region.

decay chain:

B0 ! D⇤�`+⌫

,! D0⇡�

,! K+⇡�⇡0

,! ��. (7.2.1)

The reconstruction of the decay chain proceeds from
the identification of the charged lepton. In tandem with
this, the reconstruction of a D meson occurs, most com-
monly a suitable ground state neutral or charged meson
(D0, D0, D+, D�). This ground state D meson may then
be combined with soft a ⇡± or ⇡0 in an attempt to form
a D⇤± or D⇤0. A tight constraint on �m is applied to ev-
idence such transitions. Higher resonant states of charm
mesons (e.g. D⇤⇤) are usually examined in a combination
of angular and mass distributions.

Under the assumption that the neutrino is the only
missing particle, the cosine of the angle between the in-
ferred direction of the reconstructed B and that of the
D(⇤)` system is

cos ✓B,D(⇤)` =
2E ⇤

BE ⇤

D(⇤)`
�m2

B �m2
D(⇤)`

2|p ⇤

B ||p ⇤

D(⇤)`
| , (7.2.2)

where E ⇤

B is half of the CM energy and |p ⇤

B | is
p

E ⇤2
B �m2

B .
The quantities E ⇤

D(⇤)`
, p

⇤

D(⇤)`
and mD(⇤)` are calculated

from the reconstructed D(⇤)` system. This cosine is also
a powerful discriminator between signal and background:
signal events should strictly lie in the interval (�1, 1), al-
though – due to finite detector resolution – about 5% of
the signal is reconstructed outside this interval. The back-
ground on the other hand does not have this restriction
and populates a much wider region (see Fig. 7.2.1).

The experimental techniques used in reconstruction of
semileptonic B-meson decays are described in more details
in Section 17.1.1.3.

7.3 Partial B-meson reconstruction

The term partial reconstruction refers to a reconstruction
technique in which not all of the final state particles are
required to be detected and identified, as is the case in ex-
clusive (full) reconstruction described in Section 7.1. Par-
tial reconstruction of the B meson can therefore result in
substantially larger e�ciency, albeit with reduced purity
resulting from higher backgrounds.

BABAR and Belle use the partial reconstruction tech-
nique mainly in time-dependent studies of B0 ! D⇤�X+

(where X represents some hadronic state like ⇡, ⇢ or D)
and B0 ! D⇤�`+⌫` decays. In these measurements the
B mesons are reconstructed using only the hadronic state
X (or charged lepton) and the soft pion from the D⇤� !
D0⇡� decay. The D0 decay is not reconstructed which in-
creases the acceptance.

The remainder of this section describes the kinematic
constraints and variables used to distinguish between par-
tially reconstructed signal and background B0 ! D⇤�X+

and B0 ! D⇤�`+⌫` candidates. Physics use cases are de-
scribed in Sections 17.5 and 17.8.

7.3.1 B ! D
⇤±

X decays

The partial reconstruction technique was originally ap-
plied by CLEO (Brandenburg et al., 1998; Giles et al.,
1984) to

B0 ! D⇤�⇡+
f (7.3.1)

,! D0⇡�s

decays, where ⇡f and ⇡s are referred to as “fast” and
“slow” pions, respectively. BABAR and Belle applied this
technique to generic B ! D⇤±X decays. In principle, X

may be any single-particle state (e.g. ⇡, ⇢, D, D(⇤)
s ) as

long as it can be exclusively reconstructed. For simplicity
the discussion is restricted only to B ! D⇤±⇡ decays.
In this mode the D⇤± meson is created in a helicity zero
state and the characteristic angular distributions of the
D⇤+ decay products (see Chapter 12 for more details) can
be exploited for background suppression.

7.3.1.1 Kinematic Variables

The decay chain given in Eq. (7.3.1) involves 5 particles
(B0, D⇤, D0, ⇡s and ⇡f ), each determined by it’s four-
momentum. There are thus 20 parameters in total which
describe the entire decay chain. The experimentally mea-
sured inputs to the partial reconstruction are only the
three-momenta of the fast and slow pion, p⇡f

and p⇡s
,

respectively. In principle, it is possible to determine all
five four-momenta from the measured p⇡f

and p⇡s
using

energy-momentum conservation in the B0 and D⇤ decays
(8 constraints), the known particle masses of B0, D⇤�,
D0, ⇡s and ⇡f (5 constraints), and the fact that the en-
ergy of the B0 in the CM frame is equal to the half of
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    2. The SM processes are suppressed 
    3. Reliable theoretical predictions are possible 
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BSM scenarios of  : new mediators (a)
a ( = dark scalar or ALP) decaying invisibly  
very similar to the search for 
main experimental difference: two-body vs 
three-body kinematics

B+ → K+νν̄
→

B+ → K+νν̄

ALP model from [arxiv: 2201.06580]

Current bounds:

Kaon Track

Signal Simulation Event
 = 50 MeVma

Search for a (ALP)B+ → K+
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Axion-like particles

Dark Baryons

The Belle Experiment

Analysis method 

Background suppression and fitting

Sensitivity estimates

Belle (II)

Astrophysical

Other colliders/
beam dumps

� Ubiquitous pseudoscalar extension to the SM

� Can solve outstanding problems in particle physics:

� Dark matter candidates

� QCD axions solve strong-CP problem

� Production possible in B meson decays

� Invisible final state (ܽᇱ ՜ invisible or, for long-lived 

case, ܽᇱ ՜ anything)

� ّ%-PHVRJHQHVLVْ�VFHQDULR
� Dark matter carries baryon number

� Produce visible baryon asymmetry while 

preserving total baryon number in 

universe

� Experimental signal: B mesons decaying 

into a baryon and missing energy

� Introduce dark baryon ߰
� Decays promptly to dark fermions

� ݉௣ ൏ ݉ట ൏ ݉஻ െ݉௣
� േܤ ՜ ߰݌ same event topology as ALP 

channels (single track + missing energy)

� Recent dark baryon Belle result (ܤ଴ ՜ Ȧ߰) 

Silicon tracking 

(SVD)

Drift chamber 

(CDC)

Particle 

identification (PID)

Electromagnetic 

calorimeter (ECL)

Superconducting 

magnet coil

௅଴ܭ ߤ / detector 

(KLM)

� Located in Tsukuba, Japan

� KEKB delivered asymmetric ݁ା݁ି beams at ݏ ൌ
10.58 GeV (just above the ȯሺͶܵሻ resonance)

� Total integrated luminosity is 711 fb-1 or about 771 

million B meson pairs

� Muti-purpose detector consisting of several 

subdetectors

(projected)

� Invisible final state inferred can be inferred from 

momentum of recoiling hadron ݄ in B meson 

rest frame:

௛݌
஻ೞ೔೒ ൌ

ሺܯ஻
ଶ െ ݉௛ ൅ ݉௔ᇲ

ଶሺܯ஻
ଶ െ ݉௛ െ ݉௔ᇲ

ଶ
ଵ
ଶ

஻ܯʹ
� Signal-side B meson 4-vector inferred by 

reconstructing the other B meson in the event 

with the Full Event Interpretation (FEI) 

algorithm and the beam energy

� Also use detector hits unused is signal or tag-

VLGH�UHFRQVWUXFWLRQ�WR�EXLOW�D�ّ5HVW�RI�(YHQWْ�
(ROE)

஻ೞ೔೒݌ ൌ ஻௘௔௠݌ െ ஻೟ೌ೒݌ െ ோைா݌
� Two-body decays produce peaking structures in 

the ݌௛כ spectrum

Dark sector landscape Datasets
� Signal Monte Carlo (MC) produced with 

EVTGEN 

� Detector simulation with GEANT3 

� For each channel: 1 million signal events for 33 

mass hypotheses

� Background MC is centrally produced for Belle

� Contains ݁ା݁ି ՜ ݍݍ and ܤܤ at 6 and 10 times the 

Belle luminosity 

� Large body of evidence for dark matter, but its particle nature is still unknown

� Interactions between dark sector and Standard Model (SM) particles could be too feeble to have 

been observed previously

� Mass ranges in the MeV/ܿଶ to few GeV/ܿଶ are particularly interesting 

� Same mass range as most SM particles

� ,QWURGXFH�ّSRUWDOVْ�DV�SDUWLFOHV�WKDW�PHGLDWH�LQWHUDFWLRQV�EHWZHHQ�60�SDUWLFOHV�DQG�D�ZLGHU�GDUN�
sector

� Scalar portal: Axions and axion-like particles (ALPs)

� Vector portal: Dark photon

� Higgs portal: Dark Higgs

Background type Suppression method

݁ା݁ି ՜ ݍݍ Boosted Decision Tree (BDT) trained on ݍݍ vs. ܤܤ MC. Event shape 

variables used to train BDT (KSFW moments, CLEO cones, and thrust 

variables), as well as ܤ௧௔௚ ȟܧ and flight distance.

Incorrectly 

reconstructed events

� ௧௔௚ܤ beam-constrained mass

� FEI probability 

� ROE ECL energy

� No. of tracks in ROE

ܤ decays similar to 

signal
Boosted Decision Tree trained on SM ܤܤ vs. Signal MC. Same variables 

used as the first BDT.

� Very small amount of background remaining after selection

� Background shape parameterised with kernel density estimator (KDE)

� Irreducible peaking backgrounds from two-body ܤ decays with invisible (or near invisible) final 

states, e.g. ܤା ՜ ௅଴ܭାܭ

� Signal peak fit with a convolution of two 

Gaussians

� Peak width ranges from about 10 MeV/ܿ to 

about 25 MeV/ܿ
� Fit variables parameterised as a function of 

௛݌
஻ೞ೔೒

so fit model is defined everywhere 

� Overall selection efficiency parameterised in 

a similar way

� In MC, signal selection efficiency is about 

ͺ ൈ ͳͲିଷ across most of the available mass 

range (ܭ channel)

� Efficiency drops at high ALP masses due to 

low momentum track

� Fit is performed with signal and 

background PDFs in a sliding mass 

window 

� 90% C.I. is calculated on the number of 

signal events yielded by combined fit to 

background-only MC 

� One-sided C.I. as number of events is 

bounded by 0, so use Feldman-&RXVLQَV�
method

� Most sensitive ALP search in the few-GeV 

mass region to date

� Apart from kaon channel, only dedicated 

ALP/dark baryon search in these channels 

to date 

� Further MC studies to parameterise search 

efficiency to long-lived ܽᇱ ՜ ߛߛ
� Find mass ي lifetime combinations where 

ߛߛ desposit enough energy in ECL to be 

rejected by selection 

� Unblinding dataset soon! 

Efficiency calibration
� FEI performance is data and MC is different

� Calibrate efficiency with known SM channel

� Require 2 tracks in ROE (rather than 0) to 

access ܤേ ՜ Ȁ߰ܬേܭ
� Preliminary correction factor
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subdetectors

(projected)

� Invisible final state inferred can be inferred from 

momentum of recoiling hadron ݄ in B meson 

rest frame:

௛݌
஻ೞ೔೒ ൌ

ሺܯ஻
ଶ െ ݉௛ ൅ ݉௔ᇲ

ଶሺܯ஻
ଶ െ ݉௛ െ ݉௔ᇲ

ଶ
ଵ
ଶ

஻ܯʹ
� Signal-side B meson 4-vector inferred by 

reconstructing the other B meson in the event 

with the Full Event Interpretation (FEI) 

algorithm and the beam energy

� Also use detector hits unused is signal or tag-

VLGH�UHFRQVWUXFWLRQ�WR�EXLOW�D�ّ5HVW�RI�(YHQWْ�
(ROE)

஻ೞ೔೒݌ ൌ ஻௘௔௠݌ െ ஻೟ೌ೒݌ െ ோைா݌
� Two-body decays produce peaking structures in 

the ݌௛כ spectrum

Dark sector landscape Datasets
� Signal Monte Carlo (MC) produced with 

EVTGEN 

� Detector simulation with GEANT3 

� For each channel: 1 million signal events for 33 

mass hypotheses

� Background MC is centrally produced for Belle

� Contains ݁ା݁ି ՜ ݍݍ and ܤܤ at 6 and 10 times the 

Belle luminosity 

� Large body of evidence for dark matter, but its particle nature is still unknown

� Interactions between dark sector and Standard Model (SM) particles could be too feeble to have 

been observed previously

� Mass ranges in the MeV/ܿଶ to few GeV/ܿଶ are particularly interesting 

� Same mass range as most SM particles

� ,QWURGXFH�ّSRUWDOVْ�DV�SDUWLFOHV�WKDW�PHGLDWH�LQWHUDFWLRQV�EHWZHHQ�60�SDUWLFOHV�DQG�D�ZLGHU�GDUN�
sector

� Scalar portal: Axions and axion-like particles (ALPs)

� Vector portal: Dark photon

� Higgs portal: Dark Higgs

Background type Suppression method

݁ା݁ି ՜ ݍݍ Boosted Decision Tree (BDT) trained on ݍݍ vs. ܤܤ MC. Event shape 

variables used to train BDT (KSFW moments, CLEO cones, and thrust 

variables), as well as ܤ௧௔௚ ȟܧ and flight distance.

Incorrectly 

reconstructed events

� ௧௔௚ܤ beam-constrained mass

� FEI probability 

� ROE ECL energy

� No. of tracks in ROE

ܤ decays similar to 
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used as the first BDT.
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� Background shape parameterised with kernel density estimator (KDE)
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� Signal peak fit with a convolution of two 

Gaussians

� Peak width ranges from about 10 MeV/ܿ to 
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� Fit variables parameterised as a function of 

௛݌
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so fit model is defined everywhere 

� Overall selection efficiency parameterised in 
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low momentum track
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bounded by 0, so use Feldman-&RXVLQَV�
method

� Most sensitive ALP search in the few-GeV 
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� Unblinding dataset soon! 

Efficiency calibration
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Fit Approach
• PDF determined from MC, calibrated with control channel.


• Parameterise PDF in ph or mrecoil (same) and efficiency then scan from 1 MeV to ~5 GeV.

40

(e) Kaon channel background in the
medium-mass region.
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region.
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B→h a’ Sensitivity
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Invisible signatures of long lived particles

42

D. Marcantonio, PU

• Consider a finite lifetime.


• If sufficiently long-lived, the ALP 
will escape detection.


• Limit then depends on cτ and 
mass (boost)
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B→ Λ + missing energy
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FIG. 2. The observed (solid points) and expected background
(stacked shaded histograms) EECL distributions for m DS =
2.5GeV/c2, with the first bin representing the signal region.
The shape of the continuum contribution is taken from the
o↵-resonance data, while the other two background sources
are from MC simulation; each distribution is normalized to
the expected number of events in the first bin. The signal
shape (dashed line) is taken from MC simulation, assuming a
branching fraction of B(B0

! ⇤ DS) = 8⇥ 10�5.

dence level (CL) upper limits on B(B0
! ⇤ DS), as a

function of the  DS mass. The likelihood is a Poisson
“on/o↵” model with log-normal constraints to incorpo-
rate systematic uncertainties. The signal yield is defined
as s = 2⇥NB0B0 ⇥✏⇥B(B0

! ⇤ DS)⇥B⇤, where NB0B0

is the number of B0B0 pairs in the full Belle dataset, ✏ is
the signal e�ciency, and B⇤ denotes the branching frac-
tion B(⇤ ! p⇡�). The likelihood is defined as

L = P(nsr; s+ b) ⇥ P(nbkg; ⌧ · b0)

⇥ G [b; b0, 1 + syst(b0)]

⇥ G [✏; nomi(✏), 1 + syst(✏)]

⇥ G [NB0B0 ; nomi(NB0B0), 1 + syst(NB0B0)]

⇥ G [B⇤; nomi(B⇤), 1 + syst(B⇤)] . (1)

Here, P is a Poisson distribution, and

G(x;m0,) =
1

x
p
2⇡ ln()

exp


�
ln2(x/m0)

2 ln2()

�
(2)

is a log-normal distribution, wherem0 is the median iden-
tified with the best estimate for the random variable x,
and  > 1 encodes the spread in the distribution with
 � 1 corresponding roughly to the multiplicative rel-
ative uncertainty on x. In Eq. (1), nsr is the number
of candidates in the signal region, nbkg is the expected
number of background MC candidates surviving our se-
lection criteria, ⌧ = 6 is the ratio between the luminosity

of the background MC sample and the full Belle dataset,
syst denotes the relative systematic uncertainty and nomi
the nominal value. The expected number of background
events corresponding to the full Belle dataset, b0, is a
free parameter of the likelihood. It has the same relative
systematic uncertainty as nbkg.
For each m DS value we allow di↵erent optimization

requirements, and di↵erent systematic uncertainties are
included based on the kinematics and reconstruction ef-
ficiency of each sample. The systematic uncertainty aris-
ing from the number of BB pairs is 1.4%. The world
average value of B

⇥
⌥ (4S) ! B0B0

⇤
is (48.6 ± 0.6)% [3],

leading to a systematic uncertainty of 1.8% on the num-
ber of B0B0 pairs. The world average value of B⇤ is
(63.9± 0.5)% [3], resulting in the systematic uncertainty
of 0.8%.
The calibration factor for the hadronic tagging e�-

ciency is studied in Ref. [15] and found to be 0.860±0.074.
The uncertainty in this value is taken as a systematic
uncertainty. The uncertainty due to proton PID is eval-
uated using an independent sample of ⇤ ! p⇡� de-
cays. The systematic uncertainty due to charged track
reconstruction is calculated using partially reconstructed
D⇤+

! D0⇡+ decays, with D0
! K0

S⇡
+⇡� and K0

S !

⇡+⇡�. For the pion, an additional systematic uncer-
tainty based on a study of low-momentum tracks from
B0

! D⇤�⇡+ decays is applied. The slow pion emitted
in the decays of the D⇤ allows one to probe the low-
momentum region. The di↵erence in the charged track
veto e�ciency between data and MC simulation is es-
timated by comparing the e↵ect of requiring no extra
tracks available in the event on samples of B0

! D(⇤)l⌫
events. The systematic uncertainty due to ⇤ reconstruc-
tion is determined from a comparison of yield ratios of
B+

! ⇤⇤K+ with and without the ⇤ selection require-
ments in data and MC samples. The weighted average
of the data-MC di↵erence over the momentum range is
assigned as the systematic uncertainty. Furthermore, we
include the binomial error of the e�ciency as a system-
atic uncertainty.
The statistical uncertainty of the correction on the

number of continuum events in MC simulation is 21.0–
26.9%, based on o↵-resonance data; this is assigned as
a systematic uncertainty. Since none of the BB back-
ground MC decays surviving our selection criteria are
from exclusively observed and measured processes in ex-
periment, we assign a conservative 50% systematic uncer-
tainty on their branching fractions; this is the dominant
systematic uncertainty on nbkg. The statistical uncer-
tainty of the correction for possible background from rare
B decays applied to the number ofBB background events
in MC simulation is included as a systematic uncertainty.
The range of systematic uncertainties in the estimate

of the signal e�ciencies, �✏, and the number of expected
BB background events, �nBB

bkg, across the di↵erent values
of m DS are listed in Table I. The observed and expected
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90% CL upper limits on B(B0
! ⇤ DS) as a function of

m DS are shown in Fig. 3. A summary of these limits and
the di↵erent distinct variables used in their calculation
for each m DS is presented in Table II.

TABLE I. Range of systematic uncertainties in the estimate
of the signal e�ciencies, �✏, and the number of expected BB

background events, �nBB
bkg, across the di↵erent values of m DS .

Source �✏ (%) �nBB
bkg (%)

Btag correction 8.6 8.6

Proton PID 0.5–2.8 4.3–5.7

Tracking e�ciency 0.7–1.9 1.1–1.9

Charged track veto 5.3–6.5 5.3–6.5

⇤ selection 2.5–3.6 4.4–4.7

Signal MC statistics 1.2–2.0 –

Rare B decays correction – 10.6–13.4

Branching fractions – 50.0

FIG. 3. The observed (solid line) and median expected
(dashed line) 90% CL upper limits on B(B0

! ⇤ DS) as
a function of m DS . The ±1� and ±2� expected exclusion
regions are indicated in green and yellow, respectively. A lin-
ear interpolation is performed between the values obtained for
the probed m DS values. The gray shaded region shows the
resulting 90% CL constraints from the reinterpretation of a
search at ALEPH for decays of b-flavored hadrons with large
missing energy [2, 4].

The fraction of decays not expected to contain hadrons
other than ⇤ in the final state as a function ofm DS is cal-
culated in Ref. [2] using phase-space considerations. This
fraction multiplied with BM provides the lower bounds
on B(B0

! ⇤ DS) for B-Mesogenesis. Those bounds
together with the observed 90% CL upper limits on
B(B0

! ⇤ DS) as a function of m DS are presented in

Fig. 4. The region m DS & 3.0GeV/c2 is excluded for
the O

2
us and O

3
us operator cases.
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FIG. 4. The observed 90% CL upper limits on B(B0
! ⇤ DS)

as a function of m DS (solid line), and the lower bounds on
B(B0

! ⇤ DS) for B-Mesogenesis using phase-space consid-
erations (shaded bands). The b-quark pole mass is chosen
as the benchmark mass in the phase-space integral (dashed
lines) while two other choices, the B0 meson mass and the
b-quark MS mass, delineate the upper and lower edges of the
shaded bands, respectively. The calculation is performed for
the “type-1” operator O

1
us = ( DSb)(us), and the “type-2”

and “type-3” cases O2
us = ( DSs)(ub) and O

3
us = ( DSu)(sb),

for which the phase-space integration is the same.

In summary, we have reported the results of a search
for the decays of B0 mesons into a final state containing
a ⇤ baryon and missing energy with a fully reconstructed
Btag using a data sample of 772⇥106 BB pairs collected
at the ⌥ (4S) resonance with the Belle detector. No sig-
nificant signal is observed and we set upper limits on the
branching fractions at 90% CL, which are the most strin-
gent constraints to date. Our analysis yields significant
improvements, and partially excludes the B-Mesogenesis
mechanism. We expect that the Belle II experiment [20]
will be able to fully test this mechanism.
The authors would like to thank G. Alonso-Álvarez,
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and Science Information NETwork 5 (SINET5) for
valuable network support. We acknowledge support
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y2ij being the product of the two relevant dimensionless
couplings. The four possible flavor combination operators
Oi of interest for B-meson decays are

Oud ¼ ψbud; ð15aÞ

Ous ¼ ψbus; ð15bÞ

Ocd ¼ ψbcd; ð15cÞ

Ocs ¼ ψbcs; ð15dÞ

where all fermions are assumed to be right-handed6 and
color indices are contracted in a totally antisymmetric way.
These operators can induce the decay of the b̄ quark within
the B meson into two light quarks and a dark antibaryon ψ .
The resulting possible hadronic processes are summarized
in Table I for the different operators in Eq. (15). Matrix
elements involving the operators in Eq. (15) depend on
the precise pairing of the spinors. Each of the operators
can come in three different versions: “type 1”
O1

ij ¼ ðψbÞðuidjÞ, “type 2” O2
ij ¼ ðψdjÞðuibÞ, and “type

3”O3
ij ¼ ðψuiÞðdjbÞ. This distinction becomes relevant for

some of the constraints discussed in the next sections.
As we will see in Sec. V, flavor constraints on the Y

triplet scalar imply that only one of these operators can
be active in the early Universe. In practice, this means that
we only expect one dominant flavor combination of these
possible operators at collider experiments and not a
combination of the above. Therefore, only one of the sets
of decay channels listed in Table I is expected to have a
sizeable branching ratio, while all others should be
suppressed.
In view of the form of the effective operators in Eq. (15),

it is important to note that all B mesons should decay
at a very similar rate given that mB$ ≃mB0

d
≃mB0

s
.

Additionally, b-flavored baryons (generically denoted by
Bb) should also posses a branching fraction with a size
BrðBb → ψ̄MÞ ∼ BrðB → ψBMÞ, again given that the
masses of all the b-flavored hadrons are fairly similar to
the B-meson ones.

III. CP VIOLATION IN THE B-MESON SYSTEM

As described in the previous sections, B-Mesogenesis
[39] directly relates theCP violation in the neutral B-meson
systems to the observed baryon asymmetry of the Universe.
In this section, we discuss how current measurements of
CP-violating observables in B0

q − B̄0
q mixing constrain the

mechanism. In particular, as clearly seen from Eq. (6), there

is a correlation between BrðB → ψBMÞ and the CP
asymmetries in the B0

q systems. Thus, current measure-
ments on the CP violation of B0

q mesons set a lower bound
to BrðB → ψBMÞ which we find to be ∼10−4.
To set the stage, we first review the origin of CP

violation in B0
q mesons and the associated observables.

The oscillations of neutral B0
s and B0

d mesons are described
by the mass (Mq

12) and decay (Γq
12) mixing amplitudes

between the flavor eigenstates B0
q and B̄0

q; see [64] for
reviews on CP violation in the quark sector and B0

q − B̄0
q

oscillations. CP violation can be present in these systems
and manifests itself as a relative phase between Mq

12 and
Γq
12. The observables that connect the dynamics of B0

q

mesons in the early Universe and observations in laboratory
experiments are the semileptonic asymmetries defined as

Aq
SL ¼

ΓðB̄0
q → B0

q → fÞ − ΓðB0
q → B̄0

q → f̄Þ
ΓðB̄0

q → B0
q → fÞ þ ΓðB0

q → B̄0
q → f̄Þ

; ð16Þ

where As;d
SL is the semileptonic asymmetry in B0

s;d decays, f
is a CP eigenstate that is only accessible to the B0

q meson,
and f̄ is its CP conjugate. Note that Aq

SL is called semi-
leptonic asymmetry simply because the decays used to
quantify it are semileptonic (e.g., b̄ → cν̄ll−). In terms of

TABLE I. The lightest final state resulting from the new decay
of b quarks as necessary to give rise to baryogenesis and dark
matter production. We list each of the possible flavorful operators
that can equally lead to B-Mesogenesis; see Eq. (15). For a given
operator, the rate of each decay is fairly similar given that
mB$ ≃mB0

d
≃mB0

s
∼mΛb

. ΔM refers to the difference in mass
between the initial and final SM hadron. Note that additional light
mesons can be present in the final state, which act to decreaseΔM
by their corresponding masses.

Operator and decay Initial state Final state ΔM (MeV)

Oud ¼ ψbud
b̄ → ψud

Bd ψ þ nðuddÞ 4340.1
Bs ψ þ ΛðudsÞ 4251.2
Bþ ψ þ pðduuÞ 4341.0
Λb ψ̄ þ π0 5484.5

Ous ¼ ψbus
b̄ → ψus

Bd ψ þ ΛðusdÞ 4164.0
Bs ψ þ Ξ0ðussÞ 4025.0
Bþ ψ þ ΣþðuusÞ 4090.0
Λb ψ̄ þ K0 5121.9

Ocd ¼ ψbcd
b̄ → ψcd

Bd ψ þ Λc þ π−ðcddÞ 2853.6
Bs ψ þ Ξ0

cðcdsÞ 2895.0
Bþ ψ þ Λþ

c ðdcuÞ 2992.9
Λb ψ̄ þ D̄0 3754.7

Ocs ¼ ψbcs
b̄ → ψcs

Bd ψ þ Ξ0
cðcsdÞ 2807.8

Bs ψ þΩcðcssÞ 2671.7
Bþ ψ þ Ξþ

c ðcsuÞ 2810.4
Λb ψ̄ þD− þ Kþ 3256.2

6In principle, operators of the form ψdQLQ0
L mediated by a

color-triplet vector in the fundamental of SUð2Þ are also possible.
Although for simplicity we do not expand on this possibility here,
they constitute another viable option.
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At present, we know that BrðB → ψBMÞ < 0.5%
at 95% C.L. as a result of an old ALEPH search; see
Sec. IVA. This constraint on BrðB → ψBMÞ in turn tells
us that at least one semileptonic asymmetry should be
positive and larger than 10−4. At present, the semileptonic
asymmetries are measured to be Ad

SL¼ð−2.1$1.7Þ×10−3

and As
SL ¼ ð−0.6$ 2.8Þ × 10−3, meaning that current

measurements have error bars which are a factor of
20–30 larger than the minimum value required by success-
ful baryogenesis. That said, and as discussed in Sec. III,
Belle II and LHCb expect to improve the precision on these
quantities by a factor of 3–4 on a five year timescale. The
impact of this improvement on the parameter space is
highlighted in orange in Fig. 13. We can clearly appreciate
that the improved measurements of As

SL by LHCb
will narrow down the minimum required value of
BrðB → ψBMÞ. A potential measurement of a nonzero
positive value for the semileptonic asymmetry would not
only represent a clear signal of new physics, but also a
strong indication in favor of B-Mesogenesis.
The most distinctive signal of B-Mesogenesis is the

presence of a new decay mode of B mesons into a dark
sector antibaryon (missing energy in the detector), a visible
baryon, and any number of light mesons, B → ψBM.
As we have discussed in Sec. IV, such processes are already
constrained in an inclusive way by LEP at the BrðB →
ψBMÞ < 0.5% level. We stress that while B-Mesogenesis
is only sensitive to the inclusive BrðB → ψBMÞ rate,

searches for exclusive channels like B → ψ þ B are typ-
ically easier to carry out in collider experiments. Indeed,
LEP constrains these exclusive modes down to BrðB →
ψBÞ≲ 10−4 − 10−3 at 95% C.L. It is therefore crucial to
know the relative exclusive vs inclusive branching ratios,
which for the simplest case containing no additional
mesons in the final state we estimate to be in the
1%–10% range following our discussion in Sec. IV D.
In light of the current constraints on the semileptonic

asymmetries, we know that BrðB → ψBMÞ > 10−4 is
required for successful baryogenesis. With this target in
mind, the sensitivity of past and current collider experi-
ments to these decays is already promising. In particular, a
direct search using old BABAR or Belle data should
improve upon existing constraints by more than an order
of magnitude, reaching BrðB → ψBÞ ∼ 3 × 10−5 for some
of the flavor combinations. Regarding upcoming experi-
ments, Belle II is expected to improve this figure by another
order of magnitude and constrain exclusive branching
fractions down to 3 × 10−6. Given this sensitivity, searches
at Belle II for these decays together with improved
measurements of the semileptonic asymmetries could be
enough to probe the entirety of the parameter space of
B-Mesogenesis.
Additionally, LHCb can also search for decays of the type

B → ψB⋆, where B⋆ is a resonant baryon. The sensitivity of
LHCb with 15 fb−1 for decays of this type can reach the
Br ∼ 10−7 level [43]. From the theoretical point of view, it is

FIG. 13. Parameter space for successful baryogenesis and dark matter generation within B-Mesogenesis in the As
SL − Ad

SL plane.
Similar to Fig. 3, the red bands indicate the minimum BrðB → ψBMÞ needed to obtain the observed baryon asymmetry of the Universe.
In black we highlight the SM prediction for the semileptonic asymmetries, while in orange we show current experimental constraints.
The arrows indicate the upcoming sensitivity from collider experiments on these quantities. The purple arrows highlight the reach on
BrðB → ψBMÞ from analyses at BABAR or Belle, and from Belle II and LHCb. With a green arrow we indicate the region of parameter
space for which ATLAS and CMS could be sensitive to the colored-triplet scalar needed to trigger the new B → ψBM decay. We see
that the upcoming measurements and searches at Belle II and LHCb have the potential to test the entire B-Mesogenesis parameter space.
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More models … 
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Belle II Projections & LHCb Comparison
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Belle II 

Higher sensitivity to 
decays with photons and 
neutrinos (e.g. B→Kνν, 
µν), inclusive decays, 
time dependent CPV in 
Bd, τ physics.


LHCb

Higher production rates 
for ultra rare B, D, & K 
decays, access to all b-
hadron flavours (e.g. Λb), 
high boost for fast Bs 
oscillations.


Overlap in various key 
areas to verify 
discoveries.


Upgrades 

Most key channels will be 
stats. limited (not theory 
or syst.).

May 5, 2022

1 Introduction

Observable 2022
Belle(II),
BaBar

2022
LHCb

Belle-II
5 ab�1

Belle-II
50 ab�1

LHCb
50 fb�1

Belle-II
250 ab�1

LHCb
300 fb�1

sin 2�/�1 0.03 0.04 0.012 0.005 0.011 0.002 0.003
�/�3 11� 4� 4.7� 1.5� 1� 0.8� 0.35�

↵/�2 4� � 2� 0.6� � 0.3� �
|Vub|/|Vcb| 4.5% 6% 2% 1% 2% < 1% 1%
SCP (B ! ⌘0K0

S) 0.08 � 0.03 0.015 � 0.007 �
ACP (B ! ⇡0K0

S) 0.15 � 0.07 0.04 � 0.018 �
SCP (B ! ⌘0K0

S) 0.32 � 0.11 0.035 � 0.015 �
R(B ! K⇤`+`�)† 0.26 0.12 0.09 0.03 0.022 0.01 0.009
R(B ! D⇤⌧⌫) 0.018 0.026 0.009 0.0045 0.0072 <0.003 <0.003
R(B ! D⌧⌫) 0.034 � 0.016 0.008 � <0.003 �
B(B ! ⌧⌫) 24% � 9% 4% � 2% �
B(B ! K⇤⌫⌫̄) � � 25% 9% � 4% �
B(⌧ ! e�) UL 42⇥ 10�9 � 22⇥ 10�9 6.9⇥ 10�9 � 3.1⇥ 10�9 �
B(⌧ ! µµµ) UL 21⇥ 10�9 46⇥ 10�9 3.6⇥ 10�9 0.36⇥ 10�9 1.1⇥ 10�9 0.07⇥ 10�9 5⇥ 10�9

Table 1: Projected precision of selected flavour physics measurements at Belle II and LHCb.(The † symbol denotes
the measurement in the 1 < q2 < 6 GeV/c2 bin.)

Observable 2022 Belle(II),
BaBar

Belle-II 5 ab�1 Belle-II 50 ab�1 Belle-II 250 ab�1

sin 2�/�1 0.03 0.012 0.005 0.002
�/�3 (Belle+BelleII) 11� 4.7� 1.5� 0.8�

↵/�2 (WA) 4� 2� 0.6� 0.3�

|Vub| (Exclusive) 4.5% 2% 1% < 1%
SCP (B ! ⌘0K0

S) 0.08 0.03 0.015 0.007
ACP (B ! ⇡0K0

S) 0.15 0.07 0.025 0.018
SCP (B ! K⇤0�) 0.32 0.11 0.035 0.015
R(B ! K⇤`+`�)† 0.26 0.09 0.03 0.01
R(B ! D⇤⌧⌫) 0.018 0.009 0.0045 <0.003
R(B ! D⌧⌫) 0.034 0.016 0.008 <0.003
B(B ! ⌧⌫) 24% 9% 4% 2%
B(B ! K⇤⌫⌫̄) � 25% 9% 4%
B(⌧ ! µ�) UL 42⇥ 10�9 22⇥ 10�9 6.9⇥ 10�9 3.1⇥ 10�9

B(⌧ ! µµµ) UL 21⇥ 10�9 3.6⇥ 10�9 0.36⇥ 10�9 0.073⇥ 10�9

Table 2: Projected precision (total uncertainties, or 90% CL upper limits) of selected flavour physics measurements
at Belle II.(The † symbol denotes the measurement in the momentum transfer squared bin 1 < q2 < 6 GeV/c2.)
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• The transition to a construction project is needed soon 


• SuperKEKB International Task Force should reach conclusion by summer 2022


• The preparation of an Upgrades Conceptual Design Report should start afterwards, ready in 2023 
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To discuss

• What happens if/when see something?


• How can we tell its a new physics contribution and not peaking background?


• If we can’t see it, how can we decipher what any new contribution is?
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