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• QCD factorization

• Light-cone sum rules (LCSRs)
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+ {𝜋−, 𝐾−}

• 𝑓𝑠/𝑓𝑑 fragmentation fraction

• A new puzzle: tension with experimental data

Possible explanations of the Puzzle

• large NLP corrections

• BSM effects



Introduction



Fragmentation fraction 𝑓𝑠/𝑓𝑑

fragmentation fraction 𝑓𝑠/𝑓𝑑: quantifies the relative production rate of 𝐵𝑠
0 with respect to 𝐵0 mesons

essential input to study 𝐵𝑠
0 decays at LHC

e.g. 𝐵𝑠
0 → 𝜇+𝜇− important probes for BSM physics

branching fractions in 𝐵0 and 𝐵+ decays measured very precisely a 𝐵-factories

but 𝐵-factories do not produce (enough) 𝐵𝑠 mesons! 

determine this ratio using

𝑓𝑠
𝑓𝑑
=
ℬ 𝐵0 → 𝐷−𝐾+

ℬ 𝐵𝑠
0 → 𝐷𝑠

−𝜋+
𝜖𝐷𝐾
𝜖𝐷𝑠𝜋

𝑁𝐷𝑠𝜋

𝑁𝐷𝐾

𝜖 efficiencies, 𝑁 signal yield

can also be predicted using semileptonic decays [LHCb ’11 arXiv:1111.2357]

[Fleischer/Serra/Tuning ’11]



Effective Lagrangian

advantage in considering ത𝐵𝑠
0 → 𝐷𝑠

(∗)+
𝜋− and ത𝐵0 → 𝐷(∗)+𝐾− decays (all quark flavours different in 

the final state) respect to, e.g. ത𝐵0 → 𝐷(∗)+𝜋−

⇓
clean theoretical predictions: no weak annihilation or penguin topologies, no chirally enhanced 

hard-scattering contributions

effective Lagrangian 

ℒ = −
4𝐺𝐹

2
𝑉𝑐𝑏𝑉𝑢𝑞2

∗ 𝐶1𝑂1
𝑞2 + 𝐶2𝑂2

𝑞2 𝑞2 = 𝑑, 𝑠

effective operators

𝑂1
𝑞2 = ҧ𝑐𝛾𝜇𝑃𝐿𝑇

𝐴𝑏 ത𝑞2𝛾𝜇𝑃𝐿𝑇
𝐴𝑢 𝑂2

𝑞2 = ҧ𝑐𝛾𝜇𝑃𝐿𝑏 ത𝑞2𝛾𝜇𝑃𝐿𝑢

Wilson coefficients 𝑞2-flavour universal in the SM, BSM effects may not 𝑞2-flavour universal 



Naïve factorization

decompose a very complicated matrix element ⎯ e.g. 𝐷+𝐾− 𝑂𝑖 ത𝐵𝑠
0 ⎯ into simpler matrix 

elements

naïve factorization:

𝐷+𝐾− 𝑂𝑖 ത𝐵𝑠
0 = 𝐾− 𝑗𝑎 0 𝐷+ 𝑗𝑏 ത𝐵𝑠

0 + 𝑂 𝛼𝑠 + 𝑂
ΛQCD

𝑚𝑏

𝐾− 𝑗𝑎 0 ∝ decay constant

𝐷+ 𝑗𝑏 ത𝐵𝑠
0 ∝ 𝐵 → 𝐷 form factors 𝐹𝑗

𝐵→𝐷



QCD factorization

compute systematically 𝛼𝑠 corrections, neglect power corrections 
ΛQCD

𝑚𝑏

for 𝑀1 and 𝑀2 both light 

𝑀1𝑀2 𝑂𝑖 ത𝐵 =෍

𝑗

𝐹𝑗
𝐵→𝑀1(𝑚2

2)න
0

1

𝑑𝑢 𝑇𝑖𝑗
𝐼 𝑢 Φ𝑀2

(𝑢) + 𝑀1 ⟷𝑀2

+න
0

1

𝑑𝜉𝑑𝑢𝑑𝑣 𝑇𝑖
𝐼𝐼 𝜉, 𝑢, 𝑣 Φ𝐵 𝜉 Φ𝑀1

𝑣 Φ𝑀2
(𝑢)

for 𝑀1 heavy, and 𝑀2 light 

𝑀1𝑀2 𝑂𝑖 ത𝐵 =෍

𝑗

𝐹𝑗
𝐵→𝑀1(𝑚2

2)න
0

1

𝑑𝑢 𝑇𝑖𝑗
𝐼 𝑢 Φ𝑀2

(𝑢)

𝑇𝑖𝑗
𝐼 𝑢 computed at NNLO in 𝛼𝑠

[Beneke/Buchalla/Neubert/Sachrajda ’00]

[Huber/Kränkl/Li ’16]



Our theoretical predictions

improve theoretical predictions for ത𝐵𝑠
0 → 𝐷𝑠

(∗)+
𝜋− and ത𝐵0 → 𝐷(∗)+𝐾− branching fractions

use QCD factorization (leading power in 
ΛQCD

𝑚𝑏
)

ℬ ത𝐵𝑠
0 → 𝐷𝑠

+𝜋−

ℬ ത𝐵0 → 𝐷+𝐾−
=
𝜏𝐵𝑠
𝜏𝐵𝑑

𝑉𝑢𝑑
𝑉𝑢𝑠

2
𝑓𝜋
2

𝑓𝐾
2

𝐹0
𝐵𝑠→𝐷𝑠 𝑀𝜋

2

𝐹0
𝐵→𝐷(𝑀𝐾

2)

𝑎1 𝐷𝑠
+𝜋−

𝑎1 𝐷+𝐾−

2

× 𝑘𝑖𝑛. 𝑓𝑎𝑐𝑡𝑜𝑡𝑠

• Wilson coefficients 𝑎1 computed in Huber/Kränkl/Li ’16

• update 𝐵 → 𝐷 ∗ and 𝐵𝑠 → 𝐷𝑠
∗

form factors

• estimate 
ΛQCD

𝑚𝑏
corrections for the first time

[Bordone/NG/Jung/van Dyk ’19]



Power corrections

1. use form factors in terms of the QCD fields ⟹ no 
ΛQCD

𝑚𝑐
corrections

2. hard-gluon between 𝑏 or 𝑐 quarks and the light meson is included in the WC

3. no hard-collinear gluon between spectator quark 

and the light meson (spectator is soft)

4. soft-gluon exchange between the ത𝐵(𝑠)
0 𝐷(𝑠)

(∗)+
system 

and the light meson 𝐿
we estimate this contribution 

with light-cone sum rules (LCSRs)



Power corrections estimation



light-cone sum rules (LCSRs) are a method to calculate hadronic matrix elements

method based on:

Light-cone sum rules in a nutshell

method already applied in Khodjamirian et al 2010 for nonlocal matrix 

elements in 𝐵 → 𝐾 ∗

use a similar set-up

we apply this method for the first time to estimate 𝒜 ቚത𝐵𝑞
0 → 𝐷𝑞

(∗)+
𝐿−

NLP

dispersion relation quark-hadron duality light-cone OPE



our conservative estimates

𝒜 หത𝐵𝑞
0 → 𝐷𝑞

+𝐿−
NLP

𝒜 หത𝐵𝑞
0 → 𝐷𝑞

+𝐿−
LP

≃ 0.06, 0.6 %

𝒜 หത𝐵𝑞
0 → 𝐷𝑞

∗+𝐿−
NLP

𝒜 หത𝐵𝑞
0 → 𝐷𝑞

∗+𝐿−
LP

≃ 0.04, 0.4 %

lower bound correspond to our central value

upper bound obtained increasing the central value by a factor of 10

motivated by the large uncertainties on 𝜆𝐸
2 and 𝜆𝐻

2

corroborate the fact that ഥ𝑩𝒒
𝟎 → 𝑫𝒒

(∗)+
𝑳− decays are theoretically clean

Light-cone sum rules results



Numerical inputs and results



expand 𝐵 → 𝐷 ∗ FFs in the limit 𝑚𝑏,𝑐 → ∞

𝐹𝐵→𝐷
∗
(𝑞2) = 𝑐0𝜉(𝑞

2) + 𝑐1
𝛼𝑠
𝜋
𝐶𝑖 𝑞

2 + 𝑐2
1

𝑚𝑏
𝐿𝑖(𝑞

2) + 𝑐3
1

𝑚𝑐
𝐿𝑖(𝑞

2) + 𝑐4
1

𝑚𝑐
2 𝑙𝑖(𝑞

2)

𝐹𝐵𝑠→𝐷𝑠
∗
(𝑞2) = 𝑐0𝜉

𝑠(𝑞2) + 𝑐1
𝛼𝑠
𝜋
𝐶𝑖 𝑞

2 + 𝑐2
1

𝑚𝑏
𝐿𝑖
𝑠(𝑞2) + 𝑐3

1

𝑚𝑐
𝐿𝑖
𝑠(𝑞2) + 𝑐4

1

𝑚𝑐
2 𝑙𝑖(𝑞

2)

include 1/𝑚𝑐
2 corrections

all 𝐵 → 𝐷 ∗ and 𝐵𝑠 → 𝐷𝑠
∗

FFs parametrized in terms of 14 Isgur-Wise functions 

Form factors in HQE

[Bordone/Jung/van Dyk ’19]



constrain the Isgur-Wise functions combining 

• lattice QCD (where available)

• light-cone sum rules for the FFs

• SVZ sum rules for Isgur-Wise functions

• dispersive bounds

• with and w/o exp data

results for all 𝐵 → 𝐷(∗) FFs and 𝐵𝑠 → 𝐷𝑠
(∗)

FFs 
in the whole physical phase space

Form factors predictions

𝑆𝑈 3 𝐹 limit

Bordone ‘19

LCSRs

[Bordone/NG/Jung/van Dyk ’19]



Numerical inputs and results 

improved FFs uncertainties

same results for the WC of 

QCDF as in Huber/Kränkl/Li

update remaining inputs

more precise predictions

unc. dominated by the FFs



Comparison with measurements 



Fits to the available data

• fits indicate that 

measurements are 

consistent

• discrepancy between 

measurements and 

theoretical predictions:

ത𝐵𝑠
0 → 𝐷𝑠

+𝜋− → 4𝜎
ത𝐵0 → 𝐷+𝐾− → 5𝜎
ത𝐵𝑠
0 → 𝐷𝑠

∗+𝜋− → 2𝜎
ത𝐵0 → 𝐷∗+𝐾− → 3𝜎



Possible explanations

1. large nonfactorizable contributions of 𝑂(15 − 20%) ⟶ excluded by our estimate 

at 4.4𝜎 level (see also next slides)

2. experimental issue ⟶ would imply problems in several (consistent) 

measurements (CLEO, BaBar, LHCb, Belle)

3. shift in the inputs, larger uncertainties in 𝑉𝑢𝑑 , 𝑉𝑢𝑠 , 𝑉𝑐𝑏 ⟶ would probably violate 

CKM unitarity

4. assuming that both theoretical and experimental results are correct ⟶ BSM 

physics only explanation left (see next slides)

5. a combination of the effects discussed above



Fit allowing large non-fact. contr.

𝒜 ത𝐵0 → 𝐷+𝐾−

𝒜 ȁത𝐵0 → 𝐷+𝐾−
LP
= 1 + Δ𝑃

𝒜 ത𝐵𝑠
0 → 𝐷𝑠

+𝜋−

𝒜 หത𝐵𝑠
0 → 𝐷𝑠

+𝜋−
LP

= 1 + 𝑟𝑆𝑈 3
𝑃 Δ𝑃

𝒜 ത𝐵0 → 𝐷∗+𝐾−

𝒜 ȁത𝐵0 → 𝐷∗+𝐾−
LP
= 1 + Δ𝑉

𝒜 ത𝐵𝑠
0 → 𝐷𝑠

∗+𝜋−

𝒜 หത𝐵𝑠
0 → 𝐷𝑠

∗+𝜋−
LP

= 1 + 𝑟𝑆𝑈 3
𝑉 Δ𝑉

with  𝑟𝑆𝑈 3
𝑉 ∈ [0.9, 1.1]

consistent picture and improved 

determination of 𝑓𝑠/𝑓𝑑



Is NP a viable option?

observe that our previous fits predict Δ𝑃 = Δ𝑉

⇓
implies BSM contributions to 𝐶1,2

𝑞2

for the moment being, we do not consider operator 

that do not contribute in the SM

we also assume that 𝐶1,2
𝑑 and 𝐶1,2

𝑠 have the same 

shift, consistently with our fit

implies 𝑂(20%) tree-level corrections in 

𝑏 → 𝑐𝑢(𝑑/𝑠) transitions not observed so far



Consistency check

• compatible with the Γ𝑞 (decay width of the 𝐵𝑞 meson)

• lifetimes ratio 𝜏𝐵𝑠/𝜏𝐵𝑑 both predicted and measured to very high precision ⟶ main 

BSM contributions cancel in the ratio 

• consistent with ത𝐵0 → 𝐷(∗)+𝜋− and ത𝐵𝑠
0 → 𝐷𝑠

(∗)+
𝐾− branching fractions

also in this case measurements < predictions

BSM viable hypothesis (?)

• Iguro/Kitahara arXiv:2008.01086

• Bordone/Greljo/Marzocca 2103.10332 (see Admir talk)



Conclusion and prospects



Prospects

• measure absolute branching fractions, especially for 𝐵𝑠 mesons

• please produce more 𝐵𝑠 mesons at Belle!

we suggest a two-staged approach to measure 𝑓𝑠/𝑓𝑑

ℬ ത𝐵0 → 𝐷+𝐾−

ℬ ത𝐵𝑠
0 → 𝐷𝑠

+𝜋−
=
ℬ ത𝐵0 → 𝐷+𝐾−

ℬ ത𝐵 → 𝑋

ℬ ത𝐵 → 𝑋

ℬ ത𝐵𝑠
0 → 𝐷𝑠

+𝜋−

for instance, 𝑋 = 𝐷+𝜋− (larger branching fraction, cancel 𝜋 syst. unc.)

ℬ ത𝐵0 → 𝐷+𝜋−

ℬ ത𝐵0 → 𝐷+𝐾−
= 12.47−0.37

+0.42

low experimental uncertainty



Summary and conclusion 1/2

revisit theoretical predictions of the ത𝐵𝑠
0 → 𝐷𝑠

(∗)+
𝜋− and ത𝐵0 → 𝐷(∗)+𝐾− branching fractions

𝒜 ത𝐵0 → 𝐷+𝐾− = 0.326 ± 0.015

𝒜 ത𝐵𝑠
0 → 𝐷𝑠

+𝜋− = 4.42 ± 0.21

𝒜 ത𝐵0 → 𝐷∗+𝐾− = 0.327−0.034
+0.039

𝒜 ത𝐵𝑠
0 → 𝐷𝑠

∗+𝜋− = 4.3−0.8
+0.9

updated values of the form factors

next-to-leading power effects included for the first time 

extract 𝑓𝑠/𝑓𝑑 in various scenarios



Summary and conclusion 2/2

4.4𝜎 discrepancy between theoretical predictions and measurements 

of the ത𝐵𝑠
0 → 𝐷𝑠

(∗)+
𝜋− and ത𝐵0 → 𝐷(∗)+𝐾− branching fractions

four possible (unsatisfactory) explanations 

1. large nonfactorizable contributions of 𝑂(15 − 20%) ⟶ unlikely since these cays are 

well understood in QCDF, and contradict our estimates (factor of 50)

2. experimental issue 𝑂(30%) systematic shift ⟶ would invalidate most of the 𝐵 meson 

branching fractions measurements

3. shift in the inputs (e.g.  𝑉𝑢𝑑 , 𝑉𝑢𝑠, 𝑉𝑐𝑏) ⟶ would probably violate CKM unitarity

4. BSM physics effects ⟶𝑂(20%) tree-level corrections in 

𝑏 → 𝑐𝑢(𝑑/𝑠) transitions not observed so far



Thank you!


