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Introduction
✦ In this talk I'll draw a connection between tests of flavour 

anomalies in b → sll transitions and the determination of 
fragmentation fraction ratios (FFRs), which are relative 
probabilities of b quark fragmentation into B0, B+, and Bs 
mesons 

✦ Experimental situation with the FFR determination is somewhat 
messy and there are a number of fine points that are often 
missed or ignored


✦ I'll talk about these caveats and the best ways to cleaning up the 
situation using the existing LHC and future Belle II data


✦ Some of these observations are explicitly targeting the CMS B 
physics program, particularly the new capabilities made possible 
by the large set of 2018 b-parked data


✦ The rest goes beyond CMS and targets more general issues 
related to both the LHC and the B factories
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✦ ATLAS, CMS, LHCb combination: ~2σ tension w.r.t. the SM prediction - similar to other 
b → sμμ decays


✦ New LHCb result based on full 9/fb data set reduces the tension to ~1σ

✦ Very recent CMS result based on 140/fb Run 2 data erased the discrepancy completely

See Alberto Bragagnolo's talk

https://cds.cern.ch/record/2727216/files/BPH-20-003-pas.pdf


 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- F

ra
gm

en
ta

tio
n 

Fr
ac

tio
ns

 &
 b

 →
 s
ƖƖ 

Tr
an

si
tio

ns

Bs(µµ) Status
3

0 1 2 3 4 5 6
9−10×

)−µ+µ→s
0B(B

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
9−10×)−

µ+
µ

→0 B(B

SM

LHCb
1−4.4 fb

1−9 fb

contours correspond to 68%, 95%, 99% CL regions

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
9−10×

)−µ+µ→0B(B
10−

5−

0

5
9−10×)

γ−
µ+

µ
→ s0 B(B

Prob

LHCb
1−9 fb

contours correspond to 68%, 95%, 99% CL regions

0 1 2 3 4 5 6
9−10×

)−µ+µ→s
0B(B

10−

5−

0

5
9−10×)

γ−
µ+

µ
→ s0 B(B

Prob

LHCb
1−9 fb

contours correspond to 68%, 95%, 99% CL regions

Figure 2: Two-dimensional profile likelihood of the branching fractions for the decays (top)
B0

s ! µ+µ� and B0! µ+µ�, (bottom left) B0! µ+µ� and B0
s ! µ+µ�� and (bottom right)

B0
s ! µ+µ� and B0

s ! µ+µ��. The B0
s ! µ+µ�� branching fraction is limited to the range

mµµ > 4.9GeV/c2. The measured central values of the branching fractions are indicated with
a blue dot. The profile likelihood contours for 68%, 95% and 99% CL regions of the result
are shown as blue contours, while in the top plot the brown contours indicate the previous
measurement [10] and the red cross shows the SM prediction.

form part of the B0
s
! µ+µ� candidate. These more restrictive trigger requirements are

imposed in order to improve the modelling of the decay-time dependence of the trigger
e�ciency in simulation.

In order to determine the B0
s
! µ+µ� e↵ective lifetime the data are divided into two

7

LH
C

b 
PR

L 
12

8 
(2

02
2)

 

✦ ATLAS, CMS, LHCb combination: ~2σ tension w.r.t. the SM prediction - similar to other 
b → sμμ decays


✦ New LHCb result based on full 9/fb data set reduces the tension to ~1σ

✦ Very recent CMS result based on 140/fb Run 2 data erased the discrepancy completely

See Alberto Bragagnolo's talk

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.041801
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Figure 4: The profile likelihood scan as a function of B0
s ! µ+µ� (left) and B0 ! µ+µ� (right)

decay branching fractions in 1D (upper plots) and in 2D (lower plot). The contours in 2D en-
close the regions with 1-5 standard deviation coverage, where 1s, 2s and 3s regions correspond
to 68.3%, 95.4%, and 99.7% confidence level, respectively.
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✦ ATLAS, CMS, LHCb combination: ~2σ tension w.r.t. the SM prediction - similar to other 
b → sμμ decays


✦ New LHCb result based on full 9/fb data set reduces the tension to ~1σ

✦ Very recent CMS result based on 140/fb Run 2 data erased the discrepancy completely

See Alberto Bragagnolo's talk

https://cds.cern.ch/record/2815334
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Bs(µµ) and Flavour Anomalies
✦ Connection to flavor anomalies: it's unlikely that the  

b → sll anomalies can be explained by the O10 operator

4
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Figure 4: Constraints in the Wilson coe�cient plane C
bsµµ
9 vs. C

bsµµ
10 . Left: LFU ratios

only. Right: Combination of LFU ratios, combination of b ! sµµ observables,

BR(Bs ! µ
+
µ
�), and the global fit. The dashed lines show the constraints

before the recent updates [11, 13, 14,41].

pull from the b ! sµµ observables is somewhat reduced once the new physics dependence

of the theory errors is taken into account. We expect the e↵ect to become much more

pronounced with more precise data.

3.2. Two parameter scenarios

Next, we discuss scenarios where two Wilson coe�cients are turned on simultaneously.

In Figure 4 we show the best fit regions in the C
bsµµ
9 vs. C

bsµµ
10 plane. The plot on the

left focuses on the constraints from the LFU ratios RK and RK⇤ . The RK constraint

before the update [11] is shown by the dashed contours. As the measured RK > RK⇤

the best fit range prefers a sizable positive C
bsµµ
10 . The plot on the right shows the result

of the global fit. The Bs ! µ
+
µ
� branching ratio prefers a modest positive C

bsµµ
10 , while

the b ! sµµ observables mainly prefer a negative C
bsµµ
9 . Overall, the best fit point

corresponds to (Cbsµµ
9 , C

bsµµ
10 ) ' (�0.51, 0.30) with a pull of 5.3�.

In Figure 5 we show the viable parameter space of a couple of other Wilson coe�cient

pairs, that were found to give good fits in the past. The plot on the left shows the C
bsµµ
9

vs. C
0 bsµµ
9 plane, while the plot on the right shows the C

univ.
9 vs. �C

bsµµ
9 = �C

bsµµ
10 plane

(defined such that C
bsee
9 = C

univ.
9 and C

bsµµ
9 = C

univ.
9 + �C

bsµµ
9 ). The best fit points
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09725-1.pdf


 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- F

ra
gm

en
ta

tio
n 

Fr
ac

tio
ns

 &
 b

 →
 s
ƖƖ 

Tr
an

si
tio

ns

Bs(µµ) and Flavour Anomalies
✦ Connection to flavor anomalies: it's unlikely that the  

b → sll anomalies can be explained by the O10 operator

4

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0

C
bsµµ
9

�1.0

�0.5

0.0

0.5

1.0

1.5

2.0
C

bs
µ
µ

10

flavio
Bs ! µµ 1�

RK & RK� 1�, 2�

b ! sµµ 1�, 2�

rare B decays 1�, 2�

Figure 4: Constraints in the Wilson coe�cient plane C
bsµµ
9 vs. C

bsµµ
10 . Left: LFU ratios

only. Right: Combination of LFU ratios, combination of b ! sµµ observables,

BR(Bs ! µ
+
µ
�), and the global fit. The dashed lines show the constraints

before the recent updates [11, 13, 14,41].

pull from the b ! sµµ observables is somewhat reduced once the new physics dependence

of the theory errors is taken into account. We expect the e↵ect to become much more

pronounced with more precise data.

3.2. Two parameter scenarios

Next, we discuss scenarios where two Wilson coe�cients are turned on simultaneously.

In Figure 4 we show the best fit regions in the C
bsµµ
9 vs. C

bsµµ
10 plane. The plot on the

left focuses on the constraints from the LFU ratios RK and RK⇤ . The RK constraint

before the update [11] is shown by the dashed contours. As the measured RK > RK⇤

the best fit range prefers a sizable positive C
bsµµ
10 . The plot on the right shows the result

of the global fit. The Bs ! µ
+
µ
� branching ratio prefers a modest positive C

bsµµ
10 , while

the b ! sµµ observables mainly prefer a negative C
bsµµ
9 . Overall, the best fit point

corresponds to (Cbsµµ
9 , C

bsµµ
10 ) ' (�0.51, 0.30) with a pull of 5.3�.

In Figure 5 we show the viable parameter space of a couple of other Wilson coe�cient

pairs, that were found to give good fits in the past. The plot on the left shows the C
bsµµ
9

vs. C
0 bsµµ
9 plane, while the plot on the right shows the C

univ.
9 vs. �C

bsµµ
9 = �C

bsµµ
10 plane

(defined such that C
bsee
9 = C

univ.
9 and C

bsµµ
9 = C

univ.
9 + �C

bsµµ
9 ). The best fit points

13

Al
tm

an
ns

ho
fe

r, 
St

an
gl

, E
PJ

C
 8

1 
(2

02
1)

 9
52

https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09725-1.pdf


 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- F

ra
gm

en
ta

tio
n 

Fr
ac

tio
ns

 &
 b

 →
 s
ƖƖ 

Tr
an

si
tio

ns

✦ At the moment, all three LHC collaborations use B+ → J/ψK+ as the 
normalization channel [LHCb also uses B0 → K+π-, assuming fu = fd, 
but the uncertainty is dominated by the former]


๏ This brings the fs/fu fragmentation function ratio (FFR) as the necessary 
input to the branching fraction measurement


๏ The current LHCb best value is 0.254 ± 0.008 [assuming fu = fd]

๏ In the CMS case, we correct this  

value for the pT variation [the  
latter is reported at ~8σ by the  
LHCb at 13 TeV, but not seen  
by ATLAS or internally in CMS]:


✤ fs/fu = 0.231 ± 0.008 (3σ lower)

๏ This 3.5% uncertainty is the  

dominant systematic uncertainty  
in the overall result:  
 
so it's important to reduce it!


✤ N.B. 0.008 is aggressive if the linear pT dependence is not confirmed!

On the Normalization
5
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Figure 1: Measurements of fs/fd sensitive observables as a function of the B-meson transverse
momentum, pT, overlaid with the fit function. The scaling factors rAF and rE are defined in the
text; the variable R is defined in Eq. 4. The vertical axes are zero-suppressed. The uncertainties
on the data points are fully independent of each other; overall uncertainties for measurements in
multiple pT intervals are propagated via scaling parameters, as described in the text. The band
associated with the fit function shows the uncertainty on the post-fit function for each sample.

is performed to verify the significance of the dependence of the intercept on the energy;
the di↵erence in �2 corresponds to an F-test statistic of 13.2 and to a significance of
5.9 standard deviations (�). Similarly, but less significantly, requiring only the slope
parameters to be common among the energies increases the �2 by 22 for two fewer
parameters, corresponding to an F-test significance of 2.7 �.

Many of the input measurements also provide results as a function of pseudorapidity,
none of them reporting any dependence on ⌘. A combined fit as a function of ⌘ is also
performed here. No dependence on pseudorapidity is found and the fs/fd value is found
to be in agreement with the one obtained through the fit as a function of transverse
momentum.

4.2 B0
s ! J/ � and B0

s ! D�
s ⇡

+
branching fractions

An additional output from the fit is FR, the ratio of the relative B0
s ! J/ � (with

� ! K+K�) to B+ ! J/ K+ branching fractions, as in Eq. 4. The measurement of
the B0

s ! J/ � branching fraction reported here is time-integrated, and as such should
be compared with theoretical predictions that include a correction for the finite B0

s -B
0
s

width di↵erence [46]. In addition, the total e�ciency varies for di↵erent e↵ective lifetimes;
therefore, branching fraction measurements should be reported for a given e↵ective lifetime

8
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slope: (-17.6 ± 2.1)x10-4 pT/GeV

LEP

9. Results 11

As for minor systematic uncertainties, the uncertainty of efficiency modeling is derived using
the different efficiency functions of the decay time in the lifetime fit of the B+ ! J/yK+ events.
We measure the lifetime of the MC samples generated with different lifetimes from the pseudo-
experiments while sharing the same efficiency function. The difference between the measured
lifetime and the input lifetime of the MC samples is assigned as the systematic uncertainty.

Table 4 summarizes the systematic uncertainties in the lifetime measurement. Most of the un-
certainties are treated as uncorrelated between different data-taking periods unless a clear cor-
relation is established.

Table 4: Summary of the systematic uncertainties in the B0
s ! µ+µ� effective lifetime measure-

ment (ps).
Effect 2016a 2016b 2017 2018
Efficiency modeling 0.01
Lifetime dependence 0.01
Decay time distribution mismodeling 0.10 0.06 0.02 0.02
Lifetime fit bias 0.04 0.04 0.05 0.04
Total 0.11 0.07 0.05 0.04

9 Results
Using the result of the B+ ! J/yK+ normalization fit with Equations 1 and 3, we find the
branching fractions to be:

B(B0
s ! µ+µ�) =

h
3.83+0.38

�0.36 (stat) +0.19
�0.16 (syst) +0.14

�0.13 ( fs/ fu)
i
⇥ 10�9,

B(B0 ! µ+µ�) =
⇥
0.37+0.75

�0.67 (stat) +0.08
�0.09 (syst)

⇤
⇥ 10�10.

These results are based on the following external inputs

• B(B+ ! J/yK+) = (1.020 ± 0.019)⇥ 10�3,
• B(J/y ! µ+µ�) = (5.961 ± 0.033)⇥ 10�2, and
• fs/ fu = 0.231 ± 0.008.

The branching fractions are taken from the PDG [41]. The fs/ fu ratio is derived from the
pT-dependent measurement of the fs/ fu ratio by LHCb [42]. We are using the effective pT
distribution observed in this measurement shown in Figure 2 to compute an effective fs/ fu
ratio for the phasespace used in this measurement.

The mass projections with all four data-taking periods merged together are shown in Figure 3.
The profile likelihood scans as functions of the B0

s ! µ+µ� and B0 ! µ+µ� branching frac-
tions for 1D and 2D cases are shown in Figure 4. The event yields for each component of the fit
are summarized in Table 5.

We also estimate the branching fractions using the B0
s ! J/yf decays for the normalization.

This result is free from the systematic uncertainty on the fs/ fu ratio, but it depends on the B0
s !

J/yf branching fraction. At the moment the branching fraction measurement is correlated with
the fs/ fu ratio measurement, but in future this may become a more precise test of the SM when

CMS <pT>

LHCb <pT>

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.032005
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The pT Dependence?
✦ The jury is still out whether the linear slope suggested by LHCb holds

✦ There is undoubtedly a strong pT dependence for the Λb fragmentation 

fraction, but:

๏ Different production mechanism from meson production

๏ Possible proton remnant effects

๏ Significant feed-down from heavier beauty baryons 


✦ CDF and ATLAS see no strong pT dependence for fs/fd and agree with the 
asymptotic LEP value

6

average reconstructed to true pT(Hb) as a function of m(Hcµ
�) and is determined using

simulation. It varies from 0.75 for m(Hcµ
�) equals 3GeV to unity at m(Hcµ

�) = m(Hb).
The distribution of fs/(fu+fd) as a function of pT(Hb) is shown in Fig. 3. We perform

a linear �2 fit incorporating a full covariance matrix which takes into account the bin-by-
bin correlations introduced from the kaon kinematics, and PID and tracking systematic
uncertainties. The factor A in Eq. 1 incorporates the global systematic uncertainties
described later, which are independent of pT(Hb). The resulting function is

fs

fu + fd
(pT) = A [p1 + p2 ⇥ (pT � hpTi)] , (1)

where pT here refers to pT(Hb), A = 1± 0.043, p1 = 0.119± 0.001, p2 = (�0.91± 0.25) ·
10�3GeV�1, and hpTi = 10.1GeV. The correlation coe�cient between the fit parameters
is 0.20. After integrating over pT(Hb), no ⌘ dependence is observed (see the Supplemental
material).

We determine an average value for fs/(fu+fd) by dividing the yields of B0
s
semileptonic

decays by the sum of B0 and B
� semileptonic yields, which are all e�ciency-corrected,

between the limits of pT(Hb) of 4 and 25GeV and ⌘ of 2 and 5, resulting in

fs

fu + fd
= 0.122± 0.006,

where the uncertainty contains both statistical and systematic components, with the latter
being dominant, and discussed subsequently. The total relative uncertainty is 4.8%.
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Figure 3: The ratios fs/(fu+fd) and f
⇤
0
b
/(fu+fd) in bins of pT(Hb). The B0

s data are indicated

by solid circles, while the ⇤
0
b
by triangles. The smaller (black) error bars show the combined

bin-by-bin statistical and systematic uncertainties, and the larger (blue) ones show the global
systematics added in quadrature. The fits to the data are shown as the solid (green) bands,
whose widths represents the ±1� uncertainty limits on the fit shapes, and the dashed (black)
lines give the total uncertainty on the fit results including the global scale uncertainty. In the
highest two pT bins the points have been displaced from the center of the bin.
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fixed parameters are varied by!1σ, and the difference with
respect to the nominal yield is taken as a systematic error.
In addition, since S-wave contributions from B0

s →
J=ψKþK− and B0

s → J=ψf0ð980Þ decays to B0
s → J=ψϕ

and B0
d → J=ψK%0 are neglected in the fits, an uncertainty

is derived using the ATLAS measured contribution of 2.4%
[22] for B0

s → J=ψϕ, and the contribution of 1% for B0
d →

J=ψK%0 derived from the MC simulation. All additive
systematic errors are added in quadrature, yielding total
additive uncertainties of 220 NB0

s
and 650 NB0

d
events.

The multiplicative systematic uncertainty includes con-
tributions from the relative efficiency and the branching
fractions of the ϕ and K%0 decays. The uncertainty on the
relative efficiency is dominated by the uncertainty on
the ϕ=K%0 selection (1.2%), which is obtained by varying
the fixed fit parameters in the ϕ and K%0 fits by !1σ and
adding all contributions in quadrature. Other uncertainties
from the J=ψ selection (0.2%), reweighting (0.4%), B0

s and
B0
d lifetimes (0.002%), and the contribution due to uncer-

tainties in the polarization parameters (0.01%) are

negligible. Varying the selection criteria of χ2=dof, Lxy

and α gives negligible contributions. Table I summarizes
the contributions of the additive and multiplicative sys-
tematic errors.
From the ratio NB0

s
=NB0

d
after efficiency correction and

division by ϕ and K%0 decay branching fractions, ATLAS
measures

fs
fd

BðB0
s → J=ψϕÞ

BðB0
d → J=ψK%0Þ

¼ 0.199! 0.004ðstatÞ ! 0.008ðsystÞ:

ð3Þ

A perturbative QCD prediction [23] yields

BðB0
s → J=ψϕÞ

BðB0
d → J=ψK%0Þ

¼ 0.83þ0.03
−0.02ðωBÞþ0.01

−0.00ðfMÞþ0.01
−0.02ðaiÞþ0.01

−0.02ðmcÞ;

where the uncertainties result from the shape parameter ωB
of the B meson wave function, meson decay constants fM,
Gegenbauer moments ai in the wave functions of the light
vector mesons and the c-quark mass. Adding all contri-
butions linearly yields a 7.1% theory error. Using this
prediction, the ratio of fragmentation fractions is measured
to be

fs
fd

¼ 0.240! 0.004ðstatÞ ! 0.010ðsystÞ ! 0.017ðthÞ: ð4Þ

Figure 2 (right panel) shows the ATLAS fs=fd meas-
urement in comparison with results from LEP [6], CDF
[6,7], and LHCb [8,9]. The ratio fs=fd may depend on pT
and η of the B meson; e.g., LHCb observes a pT but no η
dependence of fs=fd [8]. Figure 2 (left panel) shows the pT
dependence of fs=fd for ATLAS and that of other

TABLE I. Measured B0
s and B0

d signal yields, the efficiency
ratio Reff extracted from simulations, world averages for ϕ
and K%0 decay branching fractions, as well as corresponding
systematic uncertainties σ on ðfs=fdÞ½BðB0

s → J=ψϕÞ=
BðB0

d → J=ψK%0Þ(.

Observable Value σ Reference

NB0
s

6640! 100! 220 3.3%
NB0

d
36290! 320! 650 1.8%

Reff 0.799! 0.001! 0.010 1.3%
Bðϕ → KþK−Þ 0.489! 0.005 1.0% [15]
BðK%0 → Kþπ−Þ 0.66503! 0.00014 0.02% [15]

Total 4.1%
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FIG. 2 (color online). (Left panel) Measurements of fs=fd versus Bmeson pT for CDF [7], LHCb [8], and ATLAS, where the ATLAS
data points are plotted at the average pT of the events in each bin. The error bars show statistical and systematic errors added in
quadrature. The LEP ratio, taken from Ref. [6], is plotted at an average pT value in Z decays. (Right panel) Measurements of fs=fd
(black and blue points with error bars) from LEP [6], CDF [6], LHCb [8,9], and ATLAS. The total experimental error (thin black line) is
added linearly to the theory error (thick red line). The green-shaded region shows the HFAG average obtained using the blue points.
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The pT Dependence?
✦ The jury is still out whether the linear slope suggested by LHCb holds

✦ There is undoubtedly a strong pT dependence for the Λb fragmentation 

fraction, but:

๏ Different production mechanism from meson production

๏ Possible proton remnant effects

๏ Significant feed-down from heavier beauty baryons 


✦ CDF and ATLAS see no strong pT dependence for fs/fd and agree with the 
asymptotic LEP value

6

average reconstructed to true pT(Hb) as a function of m(Hcµ
�) and is determined using

simulation. It varies from 0.75 for m(Hcµ
�) equals 3GeV to unity at m(Hcµ

�) = m(Hb).
The distribution of fs/(fu+fd) as a function of pT(Hb) is shown in Fig. 3. We perform

a linear �2 fit incorporating a full covariance matrix which takes into account the bin-by-
bin correlations introduced from the kaon kinematics, and PID and tracking systematic
uncertainties. The factor A in Eq. 1 incorporates the global systematic uncertainties
described later, which are independent of pT(Hb). The resulting function is

fs

fu + fd
(pT) = A [p1 + p2 ⇥ (pT � hpTi)] , (1)

where pT here refers to pT(Hb), A = 1± 0.043, p1 = 0.119± 0.001, p2 = (�0.91± 0.25) ·
10�3GeV�1, and hpTi = 10.1GeV. The correlation coe�cient between the fit parameters
is 0.20. After integrating over pT(Hb), no ⌘ dependence is observed (see the Supplemental
material).

We determine an average value for fs/(fu+fd) by dividing the yields of B0
s
semileptonic

decays by the sum of B0 and B
� semileptonic yields, which are all e�ciency-corrected,

between the limits of pT(Hb) of 4 and 25GeV and ⌘ of 2 and 5, resulting in

fs

fu + fd
= 0.122± 0.006,

where the uncertainty contains both statistical and systematic components, with the latter
being dominant, and discussed subsequently. The total relative uncertainty is 4.8%.
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Figure 3: The ratios fs/(fu+fd) and f
⇤
0
b
/(fu+fd) in bins of pT(Hb). The B0

s data are indicated

by solid circles, while the ⇤
0
b
by triangles. The smaller (black) error bars show the combined

bin-by-bin statistical and systematic uncertainties, and the larger (blue) ones show the global
systematics added in quadrature. The fits to the data are shown as the solid (green) bands,
whose widths represents the ±1� uncertainty limits on the fit shapes, and the dashed (black)
lines give the total uncertainty on the fit results including the global scale uncertainty. In the
highest two pT bins the points have been displaced from the center of the bin.
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fixed parameters are varied by!1σ, and the difference with
respect to the nominal yield is taken as a systematic error.
In addition, since S-wave contributions from B0

s →
J=ψKþK− and B0

s → J=ψf0ð980Þ decays to B0
s → J=ψϕ

and B0
d → J=ψK%0 are neglected in the fits, an uncertainty

is derived using the ATLAS measured contribution of 2.4%
[22] for B0

s → J=ψϕ, and the contribution of 1% for B0
d →

J=ψK%0 derived from the MC simulation. All additive
systematic errors are added in quadrature, yielding total
additive uncertainties of 220 NB0

s
and 650 NB0

d
events.

The multiplicative systematic uncertainty includes con-
tributions from the relative efficiency and the branching
fractions of the ϕ and K%0 decays. The uncertainty on the
relative efficiency is dominated by the uncertainty on
the ϕ=K%0 selection (1.2%), which is obtained by varying
the fixed fit parameters in the ϕ and K%0 fits by !1σ and
adding all contributions in quadrature. Other uncertainties
from the J=ψ selection (0.2%), reweighting (0.4%), B0

s and
B0
d lifetimes (0.002%), and the contribution due to uncer-

tainties in the polarization parameters (0.01%) are

negligible. Varying the selection criteria of χ2=dof, Lxy

and α gives negligible contributions. Table I summarizes
the contributions of the additive and multiplicative sys-
tematic errors.
From the ratio NB0

s
=NB0

d
after efficiency correction and

division by ϕ and K%0 decay branching fractions, ATLAS
measures

fs
fd

BðB0
s → J=ψϕÞ

BðB0
d → J=ψK%0Þ

¼ 0.199! 0.004ðstatÞ ! 0.008ðsystÞ:

ð3Þ

A perturbative QCD prediction [23] yields

BðB0
s → J=ψϕÞ

BðB0
d → J=ψK%0Þ

¼ 0.83þ0.03
−0.02ðωBÞþ0.01

−0.00ðfMÞþ0.01
−0.02ðaiÞþ0.01

−0.02ðmcÞ;

where the uncertainties result from the shape parameter ωB
of the B meson wave function, meson decay constants fM,
Gegenbauer moments ai in the wave functions of the light
vector mesons and the c-quark mass. Adding all contri-
butions linearly yields a 7.1% theory error. Using this
prediction, the ratio of fragmentation fractions is measured
to be

fs
fd

¼ 0.240! 0.004ðstatÞ ! 0.010ðsystÞ ! 0.017ðthÞ: ð4Þ

Figure 2 (right panel) shows the ATLAS fs=fd meas-
urement in comparison with results from LEP [6], CDF
[6,7], and LHCb [8,9]. The ratio fs=fd may depend on pT
and η of the B meson; e.g., LHCb observes a pT but no η
dependence of fs=fd [8]. Figure 2 (left panel) shows the pT
dependence of fs=fd for ATLAS and that of other

TABLE I. Measured B0
s and B0

d signal yields, the efficiency
ratio Reff extracted from simulations, world averages for ϕ
and K%0 decay branching fractions, as well as corresponding
systematic uncertainties σ on ðfs=fdÞ½BðB0

s → J=ψϕÞ=
BðB0

d → J=ψK%0Þ(.

Observable Value σ Reference

NB0
s

6640! 100! 220 3.3%
NB0

d
36290! 320! 650 1.8%

Reff 0.799! 0.001! 0.010 1.3%
Bðϕ → KþK−Þ 0.489! 0.005 1.0% [15]
BðK%0 → Kþπ−Þ 0.66503! 0.00014 0.02% [15]

Total 4.1%
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FIG. 2 (color online). (Left panel) Measurements of fs=fd versus Bmeson pT for CDF [7], LHCb [8], and ATLAS, where the ATLAS
data points are plotted at the average pT of the events in each bin. The error bars show statistical and systematic errors added in
quadrature. The LEP ratio, taken from Ref. [6], is plotted at an average pT value in Z decays. (Right panel) Measurements of fs=fd
(black and blue points with error bars) from LEP [6], CDF [6], LHCb [8,9], and ATLAS. The total experimental error (thin black line) is
added linearly to the theory error (thick red line). The green-shaded region shows the HFAG average obtained using the blue points.

PRL 115, 262001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

31 DECEMBER 2015

262001-4

ATLAS PRL 115 (2015) 262001

LHCb fit

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.031102
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.115.262001
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World Average fs/fd
✦ Given the tension between different measurements of FFR 

and the claimed pT dependence by LHCb, world average 
FFRs are no longer being updated:

๏ From HFLAV arXiv:2206.07501


✦ PDG still provides the world average values:

7
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8 75. B0–B
0 Mixing

Table 75.1: ‰ and b-hadron fractions (see text).

Z decays [96] Tevatron [96] LHC (
Ô

s) [97,98]
‰ 0.1259 ± 0.0042 0.147 ± 0.011
fu = fd 0.408 ± 0.007 0.344 ± 0.021
fs 0.100 ± 0.008 0.115 ± 0.013
fbaryon 0.084 ± 0.011 0.198 ± 0.046
fs/fd 0.246 ± 0.023 0.333 ± 0.040 0.239 ± 0.007 ( 7 TeV)

0.239 ± 0.008 ( 8 TeV)
0.254 ± 0.008 (13 TeV)

using lepton pairs from bb events at high energy measure the quantity

‰ = f Õ
d ‰d + f Õ

s ‰s , (75.22)

where f Õ
q (q = s, d) is the B0

q fraction in a sample of semileptonic b-hadron decays. Assuming that all
b hadrons have the same semileptonic decay width implies f Õ

q = fq/(≈q·b), where ·b is the average b-
hadron lifetime. Hence ‰ measurements performed at LEP [85] and Tevatron [86,87], together with
‰d given in Eq. (75.16) and the very good approximation ‰s = 1/2 (in fact ‰s = 0.499312±0.000004
from Eqs. (75.5), (75.17) and (75.20)), provide constraints on fd and fs.

The LEP experiments have measured B(b̄ æ B0
s ) ◊ B(B0

s æ D≠
s ¸+‹¸X) [88], B(b æ »0

b) ◊

B(»0

b æ »+
c ¸≠‹¸X) [89], and B(b æ …≠

b ) ◊ B(…≠
b æ …≠¸≠‹¸X) [90] from partially reconstructed

final states including a lepton, fbaryon from protons identified in b events [91], and the production
rate of charged b hadrons [92]. The b-hadron fraction ratios measured at CDF are based on double
semileptonic Kúµµ and „µµ final states [93] and lepton-charm final states [94]; in addition CDF
and DØ have both measured strange b-baryon production [95]. A combination of the available
information from LEP and Tevatron yields, under the constraints fu = fd, fu +fd +fs +fbaryon = 1
and Eq. (75.22), the averages of the first two columns of Table 75.1.

Fraction ratios have been studied by LHCb using fully reconstructed hadronic B0
s and B0

d decays
as well as semileptonic decays of »0

b , B0
s , B0

d and Bu (see [97] and references therein). ATLAS has
measured fs/fd using B0

s æ J/Â„ and B0
æ J/ÂKú0 decays [98]. Both CDF and LHCb observe

that the ratio f»0
b
/(fu + fd) decreases with the transverse momentum of the lepton+charm system,

indicating that the b-hadron fractions are not the same in di�erent environments. LHCb also
observes that fs/(fu + fd) decreases with transverse momentum. The third column of Table 75.1
displays the LHC measurements of fs/fu = fs/fd, which increase slowly with centre-of-mass energy.
The B+

c fraction has been measured for the first time by LHCb to be (0.26 ± 0.06)% [99].

75.6 CP -violation studies
Evidence for CP violation in B0

q –B
0

q mixing has been searched for, both with flavor-specific and
inclusive B0

q decays, in samples where the initial flavor state is tagged, usually with a lepton from
the other b-hadron in the event. In the case of semileptonic (or other flavor-specific) decays, where
the final-state tag is also available, the following asymmetry [2]

A
q
SL

=
N(B0

q(t) æ ¸+‹¸X) ≠ N(B0
q (t) æ ¸≠‹¸X)

N(B0
q(t) æ ¸+‹¸X) + N(B0

q (t) æ ¸≠‹¸X)
ƒ 1 ≠ |q/p|

2

q (75.23)

has been measured either in time-integrated analyses at CLEO [49, 100], BaBar [101], CDF [102],
DØ [103–105] and LHCb [106], or in time-dependent analyses at LEP [40,107], BaBar [50,108] and

11th August, 2022

of inclusive Z decays, the other set is somewhat ill-defined, since it depends on the geometrical456

and kinematical acceptance of the experiments and over which the measurements are integrated.457

With the ever increasing precision in heavy flavour measurements, the b-hadron fraction aver-458

ages provided by HFLAV for high-energy hadron collisions are no longer of interest, since they459

are not directly transferable from one experiment to the other. We have therefore decided to no460

longer maintain these averages. The interested reader should refer to Sec. 4.1.3 of our previous461

publication [1].462

The relative fractions of b-hadron types produced in Z decays are universal and therefore463

still of interest. Since the averages we have reported in Ref. [1] have remained stable over the464

last decade and new data are not expected until a future new electron-positron collider operates465

again at the Z pole, they are not reported here.466
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Normalization (cont'd)
✦ Alternative would be to use the Bs →J/ψɸ decay for the Bs → μμ 

normalization, which should eliminate the need for the fs/fu ratio

✦ Currently, the world average [PDG] is based on three results:


๏ CDF, 1.96 TeV: B(Bs →J/ψɸ) = (1.5 ± 0.5 ± 0.1)x10-3


๏ Belle, Y(5S) → BsBs, B(Bs →J/ψɸ) = (1.25 ± 0.24)x10-3

๏ LHCb, 7,8,13 TeV: B(Bs →J/ψɸ) = (1.037 ± 0.032 ± 0.022)x10-3


✤ However, the dominant LHCb result uses B+ and B0 decays as the 
normalization channel, so this measurement is ~100% correlated with their 
fs/fu or fs/fd measurement - not an independent normalization channel!


✦ Can we use some other Bs decay mode to normalize?

๏ Not really as none of them have been measured to a precision better 

than 10%, and most are affected by the same normalization channel 
issue


✦ Really need Belle II Y(5S) measurements to make a breakthrough in 
precision

๏ Why don't you guys run on the Y(5S) first??? 😃

8
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FFR Measurements - I
✦ Three main methods are used at the LHC


๏ Semileptonic decays with charm (B(s) → D(s)Xμν)

✤ Based on a theoretical calculation in the HQ expansion 

scheme predicting semileptonic widths for all species to be 
≈equal, within a ~1% precision [Bigi et al, arXiv:1105.4574]


✤ The experimental precision (~4%) is dominated by the 
systematic uncertainty, which mainly comes from excited 
charm states modeling, lifetime measurements, and cross-
feeds from all-hadronic decays


❖ No theoretical uncertainty is considered, while theoretical 
calculations may not be that clean


✤ Experimental difficulties include the contamination from D*, 
D**, etc. decays, which are poorly known

9
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FFR Measurements - II
๏ Hadronic decays with charm (B(s) → D(s)K; D(s)π)


✤ Claimed to be the most clean theoretically

✤ Calculations are done in the factorization scheme [Fleischer et al., 

arXiv:1004.3982] 

✤ Dominant systematic uncertainty is in determination of the form-factor B(s) → D(s) 

ratio, NF (discussed later)

✤ Experimental advantage: fully reconstructible decays largely remove 

contamination from excited states

๏ Hadronic decays with charmonium (B(s) → J/ψK*(φ))


✤ The ATLAS method is based on a single available theoretical calculation of the 
ratio:


✤ Unfortunately, this prediction [Liu et al., arXiv:1309.0313] is based on pQCD 
predictions, which are notoriously unreliable 


✤ Thus, the claimed precision fs/fd = 0.240 ± 0.004 (stat) ± 0.010 (syst) ± 0.017 (th), 
which is completely dominated by the theoretical uncertainty, is likely to be 
overstated


✤ This channel, while very clean experimentally, is only useful for shape 
measurements (e.g., pT dependence), but not for the absolute fs/fd determination10

Table 1: Measured B
0
s

and B
0
d

signal yields, the e�ciency ratio Re↵ extracted from simulations, world averages for
� and K

⇤0 decay branching fractions as well as corresponding systematic uncertainties � on fs

fd

B(B0
s
!J/ �)

B(B0
d
!J/ K⇤0) .

Observable Value � Ref.
N

B
0
s

6640 ± 100 ± 220 3.3%
N

B
0
d

36290 ± 320 ± 650 1.8%
Re↵ 0.799 ± 0.001 ± 0.010 1.3%
B(�! K

+
K
�) 0.489 ± 0.005 1.0% [15]

B(K⇤0 ! K
+⇡�) 0.66503 ± 0.00014 0.02% [15]

Total 4.1%

From the ratio N
B

0
s
/N

B
0
d

after e�ciency correction and division by � and K
⇤0 decay branching fractions,

ATLAS measures

fs

fd

B(B0
s
! J/ �)

B(B0
d
! J/ K⇤0)

= 0.199 ± 0.004(stat) ± 0.008(sys). (3)

A perturbative QCD prediction [23] yields

B(B0
s
! J/ �)

B(B0
d
! J/ K⇤0)

= 0.83+0.03
�0.02(!B)+0.01

�0.00( fM)+0.01
�0.02(ai)+0.01

�0.02(mc),

where the uncertainties result from the shape parameter !B of the B meson wave function, meson decay
constants fM, Gegenbauer moments ai in the wave functions of the light vector mesons and the c-quark
mass. Adding all contributions linearly yields a 7.1% theory error. Using this prediction, the ratio of
fragmentation fractions is measured to be

fs

fd

= 0.240 ± 0.004(stat) ± 0.010(sys) ± 0.017(th). (4)

Figure 2 (right) shows the ATLAS fs/ fd measurement in comparison with results from LEP [6], CDF [6,
7] and LHCb [8, 9]. The ratio fs/ fd may depend on pT and ⌘ of the B meson, e.g. LHCb observes a pT
but no ⌘ dependence of fs/ fd [8]. Figure 2 (left) shows the pT dependence of fs/ fd for ATLAS and that
of other experiments. To investigate the pT and ⌘ dependences of fs/ fd, the data sample is divided into
six pT bins in the range 8 GeV < pT < 50 GeV and into four ⌘ bins for |⌘| < 2.5 such that the number
of events in each bin is approximately equal. The fs/ fd distributions as a function of pT and ⌘ have been
fitted with a uniform (first-order polynomial) distribution yielding fit p-values 0.54 (0.66) and 0.66 (0.49),
respectively. No significant fs/ fd dependence on pT and |⌘| is seen at the present level of accuracy.

In summary, this Letter reports on the first ATLAS measurement of the ratio of B
0
s
! J/ � and B

0
d
!

J/ K
⇤0 branching fractions multiplied by the ratio of fragmentation fractions fs/ fd from which fs/ fd

is determined. The data were produced at the LHC in pp collisions at
p

s = 7 TeV and correspond to
an integrated luminosity of 2.47 fb�1. This fs/ fd measurement, obtained with a new approach, agrees
with the LHCb [8, 9] results improving the world average considerably. A comparison with the CDF [6,
7] measurement and the LEP [6] average confirms the universality of fs/ fd. The ATLAS data show no
dependence on pT nor on |⌘| within the kinematic range tested.
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even better than LHCb  
that triggers on the decaying B  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Brief summary of data-taking

 5

Fill Range HLT Set

6659 - 6666 FirstRun

6672 - 6683 Set1

6688 - 6690 Set1(*)

6693 - 6761 Set1

6762 Set2 (*)

6763 - now Set2

 

Lumi col. 
[E34] FirstRun Set1 Set2

1.6 - - HLT_Mu12_IP6

1.4 - HLT_Mu9_IP6 HLT_Mu9_IP6

1.2 - HLT_Mu9_IP6 HLT_Mu9_IP5

1 HLT_Mu9_IP6 
HLT_Mu10p5_IP3p5 
HLT_Mu8p5_IP3p5

HLT_Mu9_IP6 HLT_Mu9_IP5

0.8 HLT_Mu8_IP3 HLT_Mu7_IP4

• Most of data taken so far with Set1 

• since Fill 6693, a slightly looser L1 seed was 
active at 1.2E34 

• Starting from HLT Menu v2.2, an optimized 
version of the trigger proposal (Set2) which 
improves by 15% the number of saved B is running 
online

(*) incorrect prescales of L1 seeds

Carefully tuned thresholds to 
maximise physics outcome: 
probe Bs in acceptance

Avg. rate: >2kHz

S. Fiorendi

R. Manzoni

M. Verzetti
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L1 Seeds/HLT Paths development

S. Fiorendi, R. Manzoni, M. Verzetti

- Tuning/optimizing paths for 
maximum performance, during data-
taking
- As luminosity decreases, η-
restricted seeds keep the L1 rate 
constant
- HLT main paths: HLT_Mu9_IP6,5,4
- Trigger strategy optimized for high 
purity using MC

Lumi 
(E34)

L1 seed HLT rate purity #B

1.7 Mu12er1p5 Mu12_IP6 1585 0.92 10.5M

1.5 Mu10er1p5 Mu9_IP5 3656 0.80 21M

1.3 Mu8er1p5 Mu9_IP5 3350 0.80 20M

1.1 Mu8er1p5 Mu7_IP4 6153 0.59 33M

0.9 Mu7er1p5 Mu7_IP4 5524 0.59 29M

Current proposal

L1L1
HLT

Introduction – Trigger Studies – Electron Reconstruction – B reconstruction - Summary

<PU> = 20

~50/fb of data 
recorded

~13B events =  
~10B b hadrons
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FFR in CMS
✦ Several analyses are ongoing, with the results expected 

this year:

๏ FFR with charmonium Bs → J/ψφ, B0 →J/ψK* (non-parked 

data; shape measurement - testing claimed pT dependence)

๏ FFR with fully hadronic charm decays Bs → Ds-π+/K+,  

B0 → D-K+ via D-π+ (parked data - never thought it would be 
possible - Charm Meson Spectrometer!)


๏ FFR with charmonium Bs → J/ψφ, B0 →J/ψK* (parked data)

✦ However, one has to use theoretical input to calculate the 

FFR in hadronic charm decays (the present measurement 
of B(Bs → Ds-π+) is dominated by LHCb and uses fs/fd as 
an input): B(Bs → Ds-π+) = (3.20 ± 0.10 ± 0.16)x10-3


✦ Belle measurement has a 20% uncertainty: B(Bs → Ds-π+) 
= (3.6 ± 0.5 ± 0.5)x10-3 - need Y(5S) data!

12



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- F

ra
gm

en
ta

tio
n 

Fr
ac

tio
ns

 &
 b

 →
 s
ƖƖ 

Tr
an

si
tio

ns

FFR in CMS
✦ Several analyses are ongoing, with the results expected 

this year:

๏ FFR with charmonium Bs → J/ψφ, B0 →J/ψK* (non-parked 

data; shape measurement - testing claimed pT dependence)

๏ FFR with fully hadronic charm decays Bs → Ds-π+/K+,  

B0 → D-K+ via D-π+ (parked data - never thought it would be 
possible - Charm Meson Spectrometer!)


๏ FFR with charmonium Bs → J/ψφ, B0 →J/ψK* (parked data)

✦ However, one has to use theoretical input to calculate the 

FFR in hadronic charm decays (the present measurement 
of B(Bs → Ds-π+) is dominated by LHCb and uses fs/fd as 
an input): B(Bs → Ds-π+) = (3.20 ± 0.10 ± 0.16)x10-3


✦ Belle measurement has a 20% uncertainty: B(Bs → Ds-π+) 
= (3.6 ± 0.5 ± 0.5)x10-3 - need Y(5S) data!

12



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- F

ra
gm

en
ta

tio
n 

Fr
ac

tio
ns

 &
 b

 →
 s
ƖƖ 

Tr
an

si
tio

ns

Theoretical Calculations
✦ The LHCb extraction is based on the QCD factorization 

framework [Fleischer, Serra, Tuning PRD 83 (2011) 014017]:

๏ Cabibbo-suppressed D-K+ channel is cleaner than the D-π+ channel, 

due to the lack of an extra non-factorizable diagram

13
J
H
E
P
0
4
(
2
0
1
3
)
0
0
1

relative decay rates can be used to determine the ratio of fragmentation fractions for B0
s

and B0 mesons through

fs
fd

=
B(B0! D�K+)

B(B0
s ! D�

s ⇡+)

✏DK

✏Ds⇡

NDs⇡

NDK

= �PS

����
Vus

Vud

����
2✓fK

f⇡

◆2 ⌧B0

⌧B0
s

1

NaNF

B(D� ! K+⇡�⇡�)

B(D�
s ! K+K�⇡�)

✏DK

✏Ds⇡

NDs⇡

NDK
, (1.1)

where N corresponds to a signal yield, ✏ corresponds to a total e�ciency, ⌧B0
s
/⌧B0 =

0.984 ± 0.011 [7] corresponds to the ratio of lifetimes and B(D� ! K+⇡�⇡�) = (9.14 ±
0.20)% [8] and B(D�

s ! K+K�⇡�) = (5.50 ± 0.27)% [9] correspond to the D�
(s) meson

branching fractions. The factor Na = 1.00± 0.02 accounts for the ratio of non-factorizable

corrections [10], NF = 1.092 ± 0.093 for the ratio of B0
(s) ! D�

(s) form factors [11], and

�PS = 0.971 for the di↵erence in phase space due to the mass di↵erences of the initial and

final state particles. The numerical values used for the CKM matrix elements are |Vus| =
0.2252, |Vud| = 0.97425, and for the decay constants are f⇡ = 130.41MeV, fK = 156.1MeV,

with negligible uncertainties, below 1% [2]. The measurement is not statistically limited by

the size of the B0! D�K+ sample , and therefore the theoretically less clean B0! D�⇡+

decays, where exchange diagrams contribute to the total amplitude, do not contribute to

the knowledge of fs/fd .

The ratio of fragmentation fractions can depend on the centre-of-mass energy, as well

as on the kinematics of the B0
(s) meson, as was studied previously at LHCb with partially

reconstructed B decays [4]. The dependence of the ratio of fragmentation fractions on

the transverse momentum pT and pseudorapidity ⌘ of the B0
(s) meson is determined using

fully reconstructed B0! D�⇡+ and B0
s ! D�

s ⇡
+ decays. Since it is only the dependence

that is of interest here, the more abundant B0 ! D�⇡+ decay is used rather than the

B0! D�K+ decay. The B0! D�K+ and B0! D�⇡+ decays are also used to determine

their ratio of branching fractions, which can be used to quantify non-factorizable e↵ects in

such heavy-to-light decays [10].

The paper is organised as follows: the detector is described in section 2, followed

by the event selection and the relative selection e�ciencies in section 3. The fit to the

mass distributions and the determination of the signal yields are discussed in section 4.

The systematic uncertainties are presented in section 5, and the final results are given in

section 6.

2 Detector and software

The LHCb detector [12] is a single-arm forward spectrometer covering the pseudorapidity

range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The detector

includes a high precision tracking system consisting of a silicon-strip vertex detector sur-

rounding the pp interaction region, a large-area silicon-strip detector located upstream of

a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip

detectors and straw drift tubes placed downstream. Data are taken with both magnet

polarities. The combined tracking system has momentum resolution �p/p that varies from

– 2 –

Table 2: External inputs used in the hadronic and semileptonic analyses updated with respect
to previous publications. The value of NE is updated using Ref. [7]. The values of CKM matrix
elements ratio |Vus|/|Vud| and of the meson decay constants’ ratio fK/f⇡ are the same as in
Ref. [9].

Input Value Reference

B(D0! K+⇡�) (3.999± 0.045)% [6]
B(D�! K+⇡�⇡�) (9.38± 0.16)% [7]
B(D�

s ! K�K+⇡�) (5.47± 0.10)% [6,39]

⌧B0
s
/⌧B0 1.006± 0.004 [6]

(⌧B+ + ⌧B0)/2⌧B0
s

1.032± 0.005 [6]
(1� ⇠s) 1.010± 0.005 [34]

Na 1.000± 0.020 [36]
NF 1.000± 0.042 [19, 40]
NE 0.966± 0.062 [7, 36]

|Vus|fK/|Vud|f⇡ 0.2767 [9]

of this decay mode is very powerful for studying the
p
s and pT dependence of the

fragmentation fraction ratio. The measurement in Ref. [16] includes a full amplitude
analysis of the B0

s ! J/ K+K� decay in order to separate the components in the K+K�

spectrum. The largest resonant contributions are from the f0(980), the �, and the f 0(1525)
mesons. In the mass region close to the � resonance, in addition to the f0(980) meson,
there is also a non-resonant S-wave component. The total S-wave fraction is in general not
negligible [16] and varies as a function of the K+K� invariant mass. When considering
a small window around the � resonance mass, the S-wave contribution is significantly
reduced. The B0

s ! J/ � measurement from Ref. [10], required a tight mass window
of ±10MeV around the � mass; therefore, the contribution of the S-wave component is
suppressed to (1.0± 0.2)%. This contribution is subtracted from the final value of the
branching fraction reported in this paper.

To determine fs/fd, the semileptonic and hadronic measurements rely on external
inputs from theory and experiment; most prominently, the D�, D0 and D�

s meson
branching fractions to the considered decay modes, the B+, B0 and B0

s meson lifetimes,
and the theory predictions for the Na, NF , and NE parameters. In this combined analysis,
all of the external inputs have been updated to their currently best known values, as
shown in Table 2. For B(D�

s ! K�K+⇡�), a recent result from BESIII [39] is included
and the weighted average of all current measurements is taken. For NE, the prediction
from Ref. [36] is used, which is based on the ratio of branching fractions of the decays
B0 ! D⇤�K+ and B0 ! D⇤�⇡+ and is updated using their current world averages [7].
The measurements and their uncertainties are thus rescaled to take into account the
updated external inputs. The variation of the B-meson lifetimes could a↵ect the estimates
of the e�ciencies used to determine fs/fd; it has been checked that this e↵ect is negligible
compared to the systematic uncertainties associated with each measurement.
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Table 1 Numerical inputs and results for the QCDF expressions for
the branching fractions at leading power. We compare the results of
Ref. [2] with our results. The predictions for the B̄0

s branching frac-

tions are not time-integrated, and therefore differ from the measured
branching fractions by a factor of (1 − y2

s ) [20]

Quantity Unit This work Ref. [2] (2016)

F B̄→D
0 (M2

K ) – 0.672 ± 0.011 0.670 ± 0.031

F
B̄0
s →Ds

0 (M2
π ) – 0.673 ± 0.011 0.700 ± 0.100

AB̄→D∗
0 (M2

K ) – 0.708 ± 0.038 0.654 ± 0.068

A
B̄0
s →D∗

s
0 (M2

π ) – 0.689 ± 0.064 0.520 ± 0.060
∣∣a1(D+

s π−)
∣∣ – 1.0727+0.0125

−0.0140 1.073+0.012
−0.014∣∣a1(D+K−)

∣∣ – 1.0702+0.0101
−0.0128 1.070+0.010

−0.013∣∣a1(D∗+
s π−)

∣∣ – 1.0713+0.0128
−0.0137 1.071+0.013

−0.014∣∣a1(D∗+K−)
∣∣ – 1.0687+0.0103

−0.0125 1.069+0.010
−0.013

|Vcb| 10−3 41.1 ± 0.5 39.5 ± 0.8

|Vud | fπ MeV 127.13 ± 0.13 126.8 ± 1.4

|Vus | fK MeV 35.09 ± 0.06 35.06 ± 0.15

τBd ps 1.519 ± 0.004 1.520 ± 0.004

τBs ps 1.510 ± 0.004 1.505 ± 0.004

B(B̄0 → D+K−) 10−3 0.326 ± 0.015 0.301+0.032
−0.031

B(B̄0 → D∗+K−) 10−3 0.327+0.039
−0.034 0.259+0.039

−0.037

B(B̄0
s → D+

s π−) 10−3 4.42 ± 0.21 4.39+1.36
−1.19

B(B̄0
s → D∗+

s π−) 10−3 4.30+0.9
−0.8 2.24+0.56

−0.50

a method independent from the one investigated here.
We make the dependence on the Ds branching fraction
explicit also in this case, since it is an important uncer-
tainty and correlated with the other measurements in the
fit. The dependence on B(D− → K+π−π−) is not as
easily included and its contribution to the uncertainty not
as large as for the Ds case.

The fit results for these two scenarios are collected in Table 2
under “our fits (w/o QCDF)”. Both fits describe the avail-
able data perfectly, meaning there are no obvious incon-
sistencies among the measurements. We observe significant
shifts compared to the PDG fit results for B̄0 → D+K−

and B̄0 → D+π− modes, but overall our results are well
compatible with the PDG fit. More importantly, we obtain
the full correlation matrix for these branching fractions,
which allows to calculate their ratios with reduced uncer-
tainties. Our improvements significantly sharpen the pat-
tern that was apparent already in Refs. [2,4]: the ratios of
branching fractions are well reproduced, the largest differ-
ence between measurement and prediction is 1.3σ forRV/P

s .
On the other hand, what was a tendency to overestimate the
individual branching fractions in the past, is now a clear dis-
crepancy: naively we observe a 4σ difference between pre-
diction and measurement in B̄0

s → D+
s π−, over 5σ differ-

ence in B̄0 → D+K−, about 2σ in B̄0
s → D∗+

s π− and
3σ in B̄0 → D∗+K−. A fit to the same data as above, but

expressing all branching fractions by their QCDF expres-
sions without allowing for corrections results in χ2

min = 38.7
for 9 degrees of freedom. We see the following possibilities
to resolve this discrepancy:

1. One obvious option is the presence of large non-factorizable
contributions of O(15−20%) at amplitude level in each
of the modes. This was already discussed in Ref. [2],
where the discrepancy has a smaller statistical signif-
icance. When taking our new estimates in Eqs. (12)–
(14), which allow already for an enhancement by a fac-
tor of 10 in the hadronic matrix elements, at face value,
this scenario is clearly and significantly disfavoured at
the 4.4σ level. We emphasize that we do not only see
no enhancement in our calculation of next-to-leading
power contributions, but instead a systematic suppres-
sion by C1/a1 ∼ −1/3, which renders our result par-
ticularly small. Therefore even the generic expectation of
%QCD/mb ∼ 10% seems already on the high side. We
pursue this scenario nevertheless, which still allows us to
extract fs/ fd , albeit with increased uncertainties.

2. We entertain also the possibility that this is an experi-
mental issue. For that it is interesting to note that the
fit to the QCDF predictions becomes excellent as soon
as the measurements of the absolute branching fractions
B̄0 → D(∗)+π− are excluded from the fit. Both val-

123
 Non-fact. corr.
 Form factors
 For Dπ decay

b̄
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d
<latexit sha1_base64="kma0FryL/uye83iWUNVNL7EwPFc=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBU0mqoMeiF48V7Qe0oWw2m3bpZhN2N0IJ/QlePCji1V/kzX/jJs1BWx8MPN6bYWaen3CmtON8W5W19Y3Nreq2vbO7t39QOzzqqjiVhHZIzGPZ97GinAna0Uxz2k8kxZHPac+f3uZ+74lKxWLxqGcJ9SI8FixkBGsjPQS2ParVnYZTAK0StyR1KNEe1b6GQUzSiApNOFZq4DqJ9jIsNSOczu1hqmiCyRSP6cBQgSOqvKw4dY7OjBKgMJamhEaF+nsiw5FSs8g3nRHWE7Xs5eJ/3iDV4bWXMZGkmgqyWBSmHOkY5X+jgElKNJ8Zgolk5lZEJlhiok06eQju8surpNtsuBeN5v1lvXVTxlGFEziFc3DhClpwB23oAIExPMMrvFncerHerY9Fa8UqZ47hD6zPHzIyjRQ=</latexit>

d
<latexit sha1_base64="kma0FryL/uye83iWUNVNL7EwPFc=">AAAB6nicbVBNS8NAEJ3Urxq/qh69LBbBU0mqoMeiF48V7Qe0oWw2m3bpZhN2N0IJ/QlePCji1V/kzX/jJs1BWx8MPN6bYWaen3CmtON8W5W19Y3Nreq2vbO7t39QOzzqqjiVhHZIzGPZ97GinAna0Uxz2k8kxZHPac+f3uZ+74lKxWLxqGcJ9SI8FixkBGsjPQS2ParVnYZTAK0StyR1KNEe1b6GQUzSiApNOFZq4DqJ9jIsNSOczu1hqmiCyRSP6cBQgSOqvKw4dY7OjBKgMJamhEaF+nsiw5FSs8g3nRHWE7Xs5eJ/3iDV4bWXMZGkmgqyWBSmHOkY5X+jgElKNJ8Zgolk5lZEJlhiok06eQju8surpNtsuBeN5v1lvXVTxlGFEziFc3DhClpwB23oAIExPMMrvFncerHerY9Fa8UqZ47hD6zPHzIyjRQ=</latexit>
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Non-Cabibbo-Suppressed Channel
✦ In CMS, due to the lack of particle ID, using the 

Cabibbo-suppressed channel is difficult

๏ Use non-Cabibbo-suppressed B0 → D-π+ instead and 

normalize to the theoretically clean channel via the ratio 
of the branching fractions: B(B0 → D-K+)/B(B0 → D-π+)


๏ This ratio is known to a rather fine 3.3% precision 
[PDG]: (8.22 ± 0.11 ± 0.25)%


๏ This is twice better than the precision on the non-
factorizable diagram contribution NE = 0.966 ± 0.062


✦ Using parked data we can also measure  
B(Bs → J/ψφ)/B(Bs→ Dsπ) (benefiting from the same 
trigger!) and normalize the charmonium channel to 
the same (clean!) theoretical hadronic charm value!
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"Two B or not Two B - that's the ?"
✦ In all of the FFR measurements it is assumed that there 

is an isospin symmetry: fu = fd

✦ In fact, this assumption is implicitly or explicitly used in 

most of the B+ and B0 branching fraction 
measurements at the B factories!

๏ The isospin symmetry enters the branching fractions 

through the assumption: 


✦ Is this really a good assumption?

๏ Actually, not quite, as the isospin violation at Y(4S) from the 

final-state Coulomb interactions near threshold could be as 
large as ~20%, which would imply significant corrections 
to the measured B+/B0 branching fractions

R±0 ≡
ℬ(Υ(4S) → B+B−)
ℬ(Υ(4S) → B0B0)

= 1

15
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The R±0 Review
✦ Atwood, Marciano: PRD 41 (1990) 1736: R±0 ≈ 1.18

✦ Lepage: PRD 42 (1990) 3251: R±0 ≈ 1.14

✦ Byers, Eichten: PRD 42 (1990) 3885: R±0 ≈ 1.18

✦ Kaiser, Manohar, Mehen: PRL 90 (2003) 142001: R±0 ≈ 1.09-1.25

✦ Voloshin: Phys. Atom. Nucl. 68 (2005) 771: connection to the ψ(3770) → DD 

and φ → KK decays; large variation of R±0 across the resonance

✦ Experimentally, however, the ratio appears to be significantly smaller:


๏ HFLAV arXiv:2206.07501 (CLEO, Belle, BaBar): R±0 = 1.059 ± 0.027 (2.2σ from 
unity)


✦ BaBar [PRL 95 (2005) 042001] used a clever technique of a double-tag vs. 
single tag to measure inclusive B+ and B0 semileptonic branching fractions 
without any isospin assumptions, resulting in R±0 = 1.048 ± 0.042 ± 0.044


✦ Work in progress: Bernlocher, Jung, GL, Ligeti:

๏ Difficult problem, as one has to disentangle isospin violation in production and 

decay

๏ Pursuing a novel idea on how to do it properly with the existing and future data

๏ Proposal for an experimental program for Belle II and the LHC experiments to 

resolve the R±0 puzzle to ~1% precision [paper in preparation]

16
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Conclusions
✦ Proper measurement of the fragmentation fraction ratios fs/fd 

and fs/fu is an important input to the precision determination 
of the Bs → μμ branching fraction


✦ This, in turn, has an impact on the interpretation of flavor 
anomalies seen in the b → sl+l- transitions


✦ Proper determination of FFRs would require more theoretical 
and experimental work


✦ In particular, future Belle II Y(5S) data will be invaluable for 
more precise FFR measurements


✦ In the meantime, it's important to understand the claimed pT 
dependence of the fs/fd using host of LHC data


✦ Serious experimental program is required to avoid an ad hoc 
fu = fd assumption, which may change the entire PDG table 
of B0 and B+ branching fractions (dominated by B factories)

17



Thank You!


