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Why Do We Care?
✦ A number of the B meson branching fractions are claimed to be 

precisely determined (≈2% precision):


✦ However, this is not quite true:

๏ A number of measurements made at B factories assumed isospin 

universality in ϒ(4S) decays, namely that


๏ Other take into account a few existing measurements of , which 
may be statistically different from unity:


✤ HFLAV 2023:  dominated by the 2005 BaBar 
measurement using single vs. double tags: PRL 94 (2005) 141801

R±,0

R±,0 = 1.059+0.024
−0.025

2

R±,0 ≡ f+−/f00 ≡
Γ[Υ(4S) → B+B−]
Γ[Υ(4S) → B0B0]

= 1
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Why Do We Still Care?
✦ The problem is not new [pointed out by Martin and others nearly 

a decade ago, e.g., Jung, PLB 753 (2016) 187] but often ignored 
or swept under the rug [as often is the case for the PDG 
branching fraction values]


✦ There are two immediate implications of  not equal to unity:

๏ Many of the B+, B0 branching fractions (measured under the 

assumption of  = 1) may be off by as much as 6%

๏ For those that explicitly use the HFLAV  number, there is an 

additional 3% uncertainty related to the current uncertainty in 

✦ In fact, with the experimental community paying more and more 

attention to this issue, many of the new results coming from Belle 
II and LHCb often have the  uncertainty as the leading one


✦ Consequently, one would like to have a significantly more precise 
determination of  with the uncertainty of about 1%

R±,0

R±,0

R±,0

R±,0

R±,0

R±,0
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Can One Calculate R±,0

✦ Naively it's not hard to do, as ϒ(4S) → BB decay is non-
relativistic

๏ The main effect is expected from Coulomb interaction in the B+B- 

system, which is absent in the neutral meson case

✤ It significantly enhances the B+B- fraction


๏ However, if one does it, the  value obtained is about 1.2, clearly 
inconsistent with the experimental determination


✤ Atwood, Marciano, PRD 41 (1990) 1736

✤ Lepage, PRD 42 (1990) 3251


๏ A decade later, there have been several attempts to lower this value 
by considering various additional effects, such as the ϒ(4S) lineshape, 
but all of them can't really go below 1.1, and have large uncertainties


✤ Kaiser, Manohar, Mehen, PRL 90 (2003) 142001

✤ Voloshin, Phys. Atom. Nucl. 63 (2005) 771

✤ Dolinsky et al, PRD 75 (2007) 113001

✤ Milstein, Salnikov, PRD 104 (2021) 014007

R±,0
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Our Approach
✦ We decided to systematically review available 

information on  and derive a new average

✦ We further discuss the dependence of the results on 

the assumption of the non-BB fraction of the ϒ(4S) 
decays


✦ With these in mind, we propose an experimental 
program that could be carried out by Belle II and the 
(HL-)LHC experiments to determine  with the 
precision of about 1%

R±,0

R±,0
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Present  AverageR±,0

✦ The HFLAV average [Amhis et al, PRD 107 (2023) 052008] is 



✦ This number assumes that all ϒ(4S) decays are into BB

✦ We note that   and given , it's 

clear that in order to relate  to absolute branching fractions, 
the knowledge of  is required

๏ The best available measurement to date comes from CLEO  

  [PRL 76 (1996) 1570]

✤ The precision is hardly satisfactory; a better measurement is definitely 

needed!

๏ It is not included in the HFLAV determination of 

๏ Instead, HFLAV uses a lower bound that 

comes from the measurements of the ϒ(4S) decay modes with 
additional pions

R±,0 = 1.059+0.024
−0.025

f /B = 1 − f00 − f+− R±,0 = f+−/f00
R±,0

f /B

f /B = (−0.11 ± 1.43 ± 1.07) %

R±,0

f /B > (0.264 ± 0.021) %

6
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The  Treatmentf /B
✦ Accounting for  makes significant differencef /B

7

3

be interesting to revisit this analysis technique, where
R±0 was determined simultaneously with �md in a self-
consistent way. The data set used, 30 fb�1, was only a
small fraction of the full Belle or current Belle II data.

Another measurement belonging to category II is from
the isospin asymmetry AI between CP -averaged rates in
B ! Xs� decays,

AI(B ! Xs�) ⌘
�(B̄0

! Xs�) � �(B�
! Xs�)

�(B̄0 ! Xs�) + �(B� ! Xs�)
. (6)

While the so-called resolved photon contributions a↵ect
the isospin asymmetry, this e↵ect is probably subdom-
inant. Therefore, this mode might not be suitable to
achieve percent-level precision, but it is still useful, given
the current measurements and uncertainties. Assuming
isospin symmetry, except for a 2% uncertainty due to
the isospin-violating part of the resolved photon contri-
butions [28–30], the Belle measurement AI(B ! Xs�) =
(�0.48 ± 1.49 ± 0.97 ± 1.15)% [20] (using all Belle data)
translates to the value listed in Table I.

Measurements in category III are presently dominated
by B ! J/ K decays. The experimentally determined
quantity in these measurements (for a pair of pseudo-
isospin-related final states, F ) is the ratio

qF ⌘ R±0 B(B�
! F�)

B(B̄0 ! F 0)
= R±0 ⌧B�

⌧B0

�(B�
! F�)

�(B̄0 ! F 0)
.

(7)
The B0 and B± lifetimes, ⌧B0 and ⌧B� , respectively, are
typically determined separately (but need to be used con-
sistently when combining measurements), and either the
ratio of rates or the ratio of production fractions can be
determined, making an assumption about the other. The
values in Table I correspond to the assumption that the
ratio of rates is equal to unity, and assigning a 3% uncer-
tainty to that assumption (as discussed below). Turning
this around, using our averaged value for R±0 based on
the measurements from the first two categories, we obtain

�(B�
! J/ K�)

�(B0 ! J/ K̄0)
= 1.005 ± 0.033 , (8)

or, equivalently,

AI(B ! J/ K) = �0.002 ± 0.017 , (9)

where now the uncertainty due to the production frac-
tions is taken into account consistently. This shows no
indication of a sizable violation of the pseudo-isospin re-
lation.

A few comments regarding the values in Table I are in
order:

• The measurements show excellent consistency, even
among the di↵erent categories. While the uncer-
tainties are sizable, this indicates that the isospin
asymmetry is not anomalously large in the modes
used for this determination, namely in B ! J/ K

FIG. 1. Impact of the treatment of f 6B on the determination
of the BB̄ production fractions. The black line corresponds to
setting f 6B = 0, i.e., f00+f± = 1. The red line corresponds to
setting f 6B to the lower bound in Eq. (3). The yellow shaded
areas use our results in Table I and treat Eq. (3) as a lower
limit, while the blue shaded constraints include the CLEO
measurement in Eq. (4). The lighter and darker regions show
��2  5.99 and 2.28, respectively, while the dashed lines cor-
respond to ��2 = 1, 4 (illustrating one-dimensional limits).

decays. This is quantified in Eq. (8), which also mo-
tivates the uncertainty assigned to it above: isospin
conservation was not assumed in obtaining Eq. (8),
but is experimentally seen to hold at this level.

• The average of all the values in Table I, including
our estimates for the uncertainty due to isospin vi-
olation, results in

R±0
I+II+III = 1.057 ± 0.023 , (10)

which is numerically close to the HFLAV average,
but more robust, since it includes additional un-
certainties for the assumptions made. The reason
is that additional measurements are included here
[16, 20, 21, 24].

• In principle, R±0 and f00 together determine f 6B via
f 6B = 1� f00(1 +R±0) = �0.003± 0.029; however,
this uncertainty is still larger than that in Eq. (4).

• Since we include f 6B in our calculations, the aver-
age for R±0 does not represent the full information
from our analysis. Specifically, while with f 6B = 0
the value for R±0 is in a one-to-one correspondence
with f00 and f±, this no longer holds for f 6B 6= 0.
For instance, determining f± now requires two of

 = 0f /B

 > 0.264%f /B

w/o CLEO

w/ CLEO

N.B. HFLAV does 
not provide the  
correlation between 
the two fractions



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- N

ov
el

 W
ay

s 
to

 E
xt

ra
ct

 B
+/

B0
 R

at
io

 - 
Se

p 
20

24

Our  Analysis R±,0

✦ We considered three classes of measurements w/ 
different theoretical assumptions and assign uncertainties 
for these assumptions when deriving the new average

8

2

R±0 Method Comment Reference

1.047(44)(36) Single vs. double-tag Uses f 6B , see text [10, 16, 17]

1.039(31)(50) B ! Xc`⌫ Assumes negligible isospin violation [18, 19]

1.068(32)(20)(21) B ! Xs� Third uncertainty due to resolved photon contributions [20]

1.055(30) Average categories I and II

1.065(12)(19)(32) B ! J/ K Third uncertainty due to isospin violation in B ! J/ K [21, 22]

1.013(36)(27)(30) B ! J/ K Third uncertainty due to isospin violation in B ! J/ K [23]

1.100(35)(35)(33) B ! J/ (ee)K Third uncertainty due to isospin violation in B ! J/ K [24]

1.066(32)(34)(32) B ! J/ (µµ)K Systematic uncertainties ⇠ 100% correlated with ee mode [24]

1.060(18)(32) Average for B ! J/ K

1.057(23) Average of all categories I–III

TABLE I. Available measurements for R±0 from the three categories, as explained in detail in the main text.

II. PRESENT STATUS OF R±0

In this section we update the analysis of Ref. [15], with
the main di↵erence that we allow for f 6B 6= 0. In order to
separately determine the production fractions and decay
rates, three categories of measurements have been com-
monly used so far (which we label I, II, and III below):

I Cancellation of final-state dependence. This
technique relies on the observation that for double-tagged
events in ⌥(4S) decays, the B+B� and B0B0 produc-
tion fractions enter linearly, while the decay rate enters
quadratically (a technique developed for  (3770) [25]).
This allows for a cancellation of the dependence on the
decay rates in the ratio of the number of single-tag events
squared and the number of double-tag events, while re-
taining that on the production fractions, thus making a
theoretically clean measurement of isospin violation in
production possible.

II Known ratio of decay rates. Considering any
ratio of a charged to a neutral B meson decay, the ex-
perimentally determined quantity is proportional to R±0

times the ratio of the corresponding decay rates. If the
ratio of decay rates is known, it is possible to extract the
ratio R±0. Taking the ratio of decay rates from an ex-
ternal measurement relies on the determination of R±0

at the corresponding experiment, while for an extraction
without external inputs, the knowledge of the ratio of
decay rates has to stem from theory. Given the required
level of precision, presently the only method available re-
lies on isospin symmetry. While generally, a precise theo-
retical determination of isospin violation is extremely dif-
ficult, there are a few cases in which two decays are not
only related by isospin symmetry, but isospin breaking
is additionally suppressed. This is the case, e.g., for in-
clusive semileptonic B meson decays, where the operator
product expansion and heavy-quark symmetry provide
an additional ⇤2

QCD/m
2
c,b suppression [26] of the isospin

breaking from both the strong interaction (as discussed,
e.g., in Ref. [27]) and from electromagnetic e↵ects. In
this case, isospin breaking can be safely assumed to be
below 1%.

III (Pseudo-)Isospin symmetry. Given the po-
tential enhancement of isospin breaking in production,
it is possible to extract it assuming that the breaking
for (pseudo-)isospin-related decays is small compared to
the one in production. We call pseudo-isospin relations
those in which the amplitudes are not equal by isospin
symmetry alone, but the unrelated contributions are ex-
pected to be of similar size as generic isospin breaking.
This is the case, e.g., for B ! J/ K decays, in which the
annihilation amplitude contributing only to the charged
mode is often argued to be negligible. The remaining
isospin breaking is expected to be at the percent level.
Clearly, making this assumption precludes the extraction
of isospin violation in decay at the same order (and es-
pecially in the same decays for which this assumption
has been made). This holds also for the values quoted in
Eq. (2), since some of the measurements in the average
use this assumption. Furthermore, this strategy relies on
the assumption that the isospin breaking in production
is much larger than that in decay. While reasonable, this
assumption is not firmly established experimentally yet,
given that the result in Eq. (2) is only about two standard
deviations from unity.
The available measurements of R±0 are collected in

Table I. The only measurement from category I is the
BaBar result (using about 82 fb�1 of data) for the pro-
duction fraction of B0 mesons [17],

f00 = 0.487 ± 0.010 ± 0.008 , (5)

where the dominant systematic uncertainty stems from
the number of BB pairs. To turn this into the deter-
mination of R±0 in Table I, information regarding the
non-BB fraction in ⌥(4S) is required.
From category II, Belle [19] used inclusive semileptonic

decays to measure R±0. This result needs to be updated
to the common ratio of B meson lifetimes, the domi-
nant systematic uncertainty in this case.1 It would also

1
We follow the HFLAV procedure to account for the change in

the central value and uncertainty of the lifetime ratio. Notably

R±0
and ⌧B+/⌧B0 are anticorrelated [18].

R±,0 = 1.057 ± 0.023 R±,0
HFLAV = 1.059+0.024

−0.025
Little more precise than HFLAV, consistent 
in central value, but significantly more robust
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Back to  from TheoryR±,0

✦ Let's examine more closely the original "naive"  
calculations


✦ There are two factors that enter :

๏ Phase space difference between charged and neutral 

BB system

๏ Coulomb interactions


✦ Interestingly enough, our average 
 is consistent with phase 

space only suppression

R±,0

R±,0

R±,0 = 1.057 ± 0.0239

4

the measured quantities:

f± = f00R
±0 = 1 � f00 � f 6B

=
R±0(1 � f 6B)

1 +R±0
. (11)

However, it is f00 and f± that determine the pre-
cision of absolute branching fractions, not R±0.
While our result for R±0 is numerically close to
the one from HFLAV [10], the results for the pro-
duction fractions are quite di↵erent, since we in-
clude the CLEO measurement of f 6B [16]. This is
illustrated in Fig. 1, where we compare the impact
of di↵erent treatments of f 6B on f00 and f±. This
highlights the importance of determining f 6B with
better precision. The resulting uncertainties are
asymmetric and highly correlated, and the central
values and ��2 = 1 (��2 = 4) ranges of the pro-
duction fractions from the fit including the CLEO
measurement are:

f± = 0.512 [0.504, 0.518] ([0.493, 0.523]) ,

f00 = 0.485 [0.478, 0.491] ([0.470, 0.496]) ,

f 6B = 0.003 [0.002, 0.014] ([0.002, 0.029]) . (12)

The fit results without the CLEO measurement are,

f± = 0.512 [0.497, 0.518] ([0.479, 0.523]) ,

f00 = 0.485 [0.474, 0.491] ([0.461, 0.496]) ,

f 6B = 0.003 [0.002, 0.027] ([0.002, 0.056]) , (13)

so our analysis reduces the uncertainties in f± and
f00 from about 2% to 1.5%. The di↵erence would
be even larger without the measurement of f00; this
shows again the necessity to determine individual
production fractions for either B mesons or non-
BB̄ states.

Interestingly, the values in Table I are not only con-
sistent with one another, but also with the value ob-
tained considering only the phase-space di↵erence be-
tween ⌥(4S) ! B0B0 and ⌥(4S) ! B+B�,

R±0
PS =

p3±
p30

⇡ 1.048 . (14)

This value is larger than may be naively expected, due
to the small phase space, which amplifies the impact of
the small mass di↵erence between the charged and neu-
tral B mesons. On the other hand, the naive Coulomb
enhancement of the charged mode, in the nonrelativistic
limit and assuming point-like mesons is [2]:

R±0
CE =

2⇡�(1 + �2)

1 � exp(�2⇡�)
, (15)

where � = ↵/(2v±) denotes the Coulomb parameter (and
v± = (1 � 4m2

B(⇤)±/m
2
⌥)

1/2, as appropriate for the B or
B⇤ states in the ⌥(4S) or ⌥(5S) decays), which yields the

Decay Mode R±0
PS R±0

CE R±0
PS R±0

CE

⌥(4S) ! BB 1.048 1.20 1.26

⌥(5S) ! BB 1.003 1.05 1.05

⌥(5S) ! B⇤B⇤ 1.004 1.06 1.06

TABLE II. Relative phase space factors R±0
PS for ⌥(4S) and

⌥(5S) decays, together with the naive Coulomb enhancement
for point-like particles R±0

CE and their product, corresponding
to the naive prediction for R±0.

values in the second last column of Table II.2 Evidently,
the large enhancement expected from this estimate is re-
duced, given that

R±0
I+II+III/R

±0
PS = 1.008 ± 0.022 , (16)

consistent with small isospin violation beyond the phase
space factor. Nevertheless, the (additional) production
asymmetry from isospin violation in the ⌥(4S) decay
may still be larger than without any enhancement.
While the determinations of R±0 in Table I can be

considered robust, as they explicitly include uncertainty
estimates for the assumptions made, they are still unsat-
isfactory in several ways:

• The overall precision is not at the level necessary for
high-precision measurements at current and future
colliders.

• There is no clear path to reduce the uncertainties
related to isospin breaking, so additional measure-
ments from category III (or B ! Xs�, from cate-
gory II) would not reduce this uncertainty further.

• The average uses decay modes, whose isospin asym-
metries are themselves of interest. This concerns
for instance the resolved photon contributions in
B ! Xs� or the annihilation contributions in
B ! J/ K decays. Overall, it would be desirable
for applications in B physics to have a determina-
tion of R±0 that does not rely on specific B meson
decays, but rather only on properties of the ⌥ sys-
tem. Of the methods employed so far, only the
double-tag technique fulfills this criterion.

• The di�culty in using only the double-tag tech-
nique is that it requires very large data sets, due
to the low e�ciency for double-tag events, even if
using a semi-inclusive tagging.

For these reasons, having independent methods that do
not rely on assumptions about specific B decays would
be important. Below we propose two such methods.

2
Since mB0 > mB+ , in ⌥(nS) ! BB, the phase space di↵erence

and the Coulomb enhancement of the charged mode go in the

same direction. (This also holds for ⌥(5S) ! B⇤B⇤
discussed

below, though in that case the phase space e↵ect is very small.)
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Boring but Important
✦ All the averages assume the beam energy stability and exactly the same 

beam energy for various measurements

๏ This may not be exactly the case, as the typical beam energy resolution at B 

factories is 4-6 MeV (compared to the 20.5 MeV width of ϒ(4S))

๏ A 5 MeV shift in the beam energy affects the  by 1-3%

๏ Important that the energy is kept under control in future measurements! 

R±,0

10

8

bosons from the subsequent t ! bW+ process decay lep-
tonically, we can expect fu = fd for B mesons produced
in this process, based on the isospin symmetry.

In this sense, the tt̄ system at the LHC can play a
similar role as the ⌥(4S) or Z at e+e� colliders, as an
isosinglet source of B mesons. It is therefore interesting
to experimentally test the fd = fu relationship in top
quark decays, and also to test the equality of B and B̄
production, which could be a↵ected, e.g., by the valence
quarks in the protons. This can be achieved by tagging
the top quark (or antiquark) in the event by measuring
the charge of the lepton in a leptonicW boson decay from
the t ! bW+ or t̄ ! b̄W� process and then compare the
yield of charged and neutral B mesons produced in the
fragmentation of the b jet accompanying the W boson. If
this ratio is di↵erent from unity, it could have a profound
impact on our understanding of color reconnection [46].
In any case, if fu,d can be determined with good precision
in this process, the tt̄ system can be used to probe isospin
invariance in B meson decays.

Again, we leave the detailed studies of the feasibility of
this approach to experiments, and simply mention them
as a complementary approach to test the isospin invari-
ance and determine production fractions of b hadrons us-
ing decays of top quarks, which has not been done before.

VI. DISCUSSION AND CONCLUSIONS

Before concluding, we would like to mention a few as-
pects regarding the experimental environment that also
a↵ect the picture discussed so far. Throughout this pa-
per we have assumed that R±0 is a constant. This would
be correct if the ⌥(4S) would itself be produced in a
decay process, but at a e+e� collider its mass is con-
strained by the center-of-mass-energy

p
s of the colliding

beams. The typical beam energy spread at B-factories,
such as PEP-II, KEKB, or SuperKEKB, is about 4–
6MeV [47, 48], which is several times smaller than the
width of the ⌥(4S), 20.5MeV [1]. Assuming a Gaussian
distribution for the beam energy spread, the functional
dependence of R±0 on

p
s results in a small bias. There

is again a substantial range of predictions for this energy
dependence [4–9]. Using as examples the phase space es-
timate in Eq. (14) or the simplified Coulomb factor in
Eq. (15) (which appears to be an overestimate), we find
that the impact of the beam energy spread is 0.3% or
0.4%, respectively, which is currently an order of magni-
tude smaller than the experimental accuracy. We expect
that this e↵ect is much smaller at the ⌥(5S) resonance.

Another interesting question is what happens to R±0

if di↵erent experiments run at di↵erent center-of-mass
energies, near, but not exactly on the peak cross sec-
tion of e+e� ! bb̄ in the vicinity of the ⌥(4S) reso-
nance. Such shifts can also occur during di↵erent runs
of a single experiment. If the total data of a given ex-
periment is used to extract branching fractions of the
same experiment using an identical data set, there is of

10.576 10.578 10.580 10.582 10.584
p

s

0.97

0.98

0.99

1.00

1.01

1.02

1.03

R
±

0 (
p

s
)/

R
±

0 (
m

�
(4

S
))

FIG. 3. The ratio R±0 as a function of
p
s using Eq. (14)

(solid) and Eq. (15) (dashed), normalized to the respective
values at

p
s = m⌥(4S) = 10.5794GeV [1].

course no problem: the recovered R±0 values correspond
to the recorded data. However, if several experiments
are combined, or within an experiment R±0 determina-
tions use di↵erent data taking periods and conditions,
biases may emerge. We can estimate possible shifts by
studying Fig. 3 qualitatively: if the phase space depen-
dence is the leading contribution that changes R±0 as a
function of

p
s, shifts of the order 1% can occur for or-

der 5MeV shifts away from the peak cross section. If
Eq. (15) is used instead, these shifts can be as large as
3%. Since, as discussed above, we cannot rely on any of
these estimates, the energy dependence of R±0 should be
experimentally determined. This can be done, in a lim-
ited range, by exploiting the varying running conditions
that provide samplings around the peak e+e� ! bb̄ cross
section. For a more complete exploration, a dedicated
energy scan and measurements using modes that can be
reliably identified, such as B ! J/ K, are required.
Another key question resides in the experimental de-

termination of the number of B meson pairs and its ro-
bustness against f 6B 6= 0. In order for Belle II to achieve
percent-level precision goals in the study of branching
fractions and other observables, a consistent treatment
is needed that takes into account the correlated aspects
of R±0 determinations and B meson counting.
We investigated the determinations of the ⌥(4S) !

B+B� and B0B0 decay rates and proposed new methods
to improve them. Presently the limited precision of these
decay rates constitutes a lower limit of ⇠ 2% on the un-
certainties in absolute branching fraction measurements,
and thereby in applications, such as precision determina-
tions of CKM matrix elements or flavor symmetry rela-
tions. We revisited the theoretical assumptions in R±0

measurements, and updated its world average in Sec. II,
emphasizing underestimated uncertainties in prior eval-
uations, in particular due to isospin violation and non-
zero f 6B value (as shown in Fig. 1). Due to the inclusion
of additional measurements, we obtained nevertheless an
improved precision for R±0 and the individual produc-
tion fractions of about 2% and 1.5%, given in Eqs. (10)

PS only suppression

PS&CE suppression
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A Way Out (Barolo Lunch)
✦ Should use a different system with smaller PS/CE 

effects to ensure that  is closer to one!

✦ Why not use ϒ(5S)?💡

✦ Indeed:


✦ Expect that  should be very close to 1 on ϒ(5S)

R±,0

R±,0
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the measured quantities:

f± = f00R
±0 = 1 � f00 � f 6B

=
R±0(1 � f 6B)

1 +R±0
. (11)

However, it is f00 and f± that determine the pre-
cision of absolute branching fractions, not R±0.
While our result for R±0 is numerically close to
the one from HFLAV [10], the results for the pro-
duction fractions are quite di↵erent, since we in-
clude the CLEO measurement of f 6B [16]. This is
illustrated in Fig. 1, where we compare the impact
of di↵erent treatments of f 6B on f00 and f±. This
highlights the importance of determining f 6B with
better precision. The resulting uncertainties are
asymmetric and highly correlated, and the central
values and ��2 = 1 (��2 = 4) ranges of the pro-
duction fractions from the fit including the CLEO
measurement are:

f± = 0.512 [0.504, 0.518] ([0.493, 0.523]) ,

f00 = 0.485 [0.478, 0.491] ([0.470, 0.496]) ,

f 6B = 0.003 [0.002, 0.014] ([0.002, 0.029]) . (12)

The fit results without the CLEO measurement are,

f± = 0.512 [0.497, 0.518] ([0.479, 0.523]) ,

f00 = 0.485 [0.474, 0.491] ([0.461, 0.496]) ,

f 6B = 0.003 [0.002, 0.027] ([0.002, 0.056]) , (13)

so our analysis reduces the uncertainties in f± and
f00 from about 2% to 1.5%. The di↵erence would
be even larger without the measurement of f00; this
shows again the necessity to determine individual
production fractions for either B mesons or non-
BB̄ states.

Interestingly, the values in Table I are not only con-
sistent with one another, but also with the value ob-
tained considering only the phase-space di↵erence be-
tween ⌥(4S) ! B0B0 and ⌥(4S) ! B+B�,

R±0
PS =

p3±
p30

⇡ 1.048 . (14)

This value is larger than may be naively expected, due
to the small phase space, which amplifies the impact of
the small mass di↵erence between the charged and neu-
tral B mesons. On the other hand, the naive Coulomb
enhancement of the charged mode, in the nonrelativistic
limit and assuming point-like mesons is [2]:

R±0
CE =

2⇡�(1 + �2)

1 � exp(�2⇡�)
, (15)

where � = ↵/(2v±) denotes the Coulomb parameter (and
v± = (1 � 4m2

B(⇤)±/m
2
⌥)

1/2, as appropriate for the B or
B⇤ states in the ⌥(4S) or ⌥(5S) decays), which yields the

Decay Mode R±0
PS R±0

CE R±0
PS R±0

CE

⌥(4S) ! BB 1.048 1.20 1.26

⌥(5S) ! BB 1.003 1.05 1.05

⌥(5S) ! B⇤B⇤ 1.004 1.06 1.06

TABLE II. Relative phase space factors R±0
PS for ⌥(4S) and

⌥(5S) decays, together with the naive Coulomb enhancement
for point-like particles R±0

CE and their product, corresponding
to the naive prediction for R±0.

values in the second last column of Table II.2 Evidently,
the large enhancement expected from this estimate is re-
duced, given that

R±0
I+II+III/R

±0
PS = 1.008 ± 0.022 , (16)

consistent with small isospin violation beyond the phase
space factor. Nevertheless, the (additional) production
asymmetry from isospin violation in the ⌥(4S) decay
may still be larger than without any enhancement.
While the determinations of R±0 in Table I can be

considered robust, as they explicitly include uncertainty
estimates for the assumptions made, they are still unsat-
isfactory in several ways:

• The overall precision is not at the level necessary for
high-precision measurements at current and future
colliders.

• There is no clear path to reduce the uncertainties
related to isospin breaking, so additional measure-
ments from category III (or B ! Xs�, from cate-
gory II) would not reduce this uncertainty further.

• The average uses decay modes, whose isospin asym-
metries are themselves of interest. This concerns
for instance the resolved photon contributions in
B ! Xs� or the annihilation contributions in
B ! J/ K decays. Overall, it would be desirable
for applications in B physics to have a determina-
tion of R±0 that does not rely on specific B meson
decays, but rather only on properties of the ⌥ sys-
tem. Of the methods employed so far, only the
double-tag technique fulfills this criterion.

• The di�culty in using only the double-tag tech-
nique is that it requires very large data sets, due
to the low e�ciency for double-tag events, even if
using a semi-inclusive tagging.

For these reasons, having independent methods that do
not rely on assumptions about specific B decays would
be important. Below we propose two such methods.

2
Since mB0 > mB+ , in ⌥(nS) ! BB, the phase space di↵erence

and the Coulomb enhancement of the charged mode go in the

same direction. (This also holds for ⌥(5S) ! B⇤B⇤
discussed

below, though in that case the phase space e↵ect is very small.)

R±,0
5S =

Γ[Υ(5S) → B(*)+B(*)−]
Γ[Υ(5S) → B(*)0B(*)0]

≈ 1
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A Way Out (Barolo Dinner)
✦ Consider the double ratio of the ϒ(4S) to ϒ(5S) for 

specific decays:


✦ All systematic uncertainties related to specific final 
states (e.g., possible isospin violation) cancels in this 
double-ratio, giving a direct access to  on ϒ(4S), 
assuming it's ≈1 for ϒ(5S)!


✦ Requires dedicated running on ϒ(5S) for Belle II and/
or reanalysis of the existing BaBar/Belle ϒ(5S) data


✦ Can one reach the desired O(1%) precision?

R±,0

12
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III. DETERMINING R±0 USING ⌥(5S)
DECAYS

As discussed in the previous sections, the main reason
for the sizeable isospin violation causing R±0 to deviate
from unity is the small phase space in ⌥(4S) decays,
m⌥(4S) � 2mB ' 20MeV, while the mass di↵erence near
the⌥(5S) resonance is more substantial,m⌥(5S)�2mB '

326MeV. However, an e+e� collider running near this
resonance produces many di↵erent final states.

Experimentally, �(⌥(5S) ! BBX) = (76.2+2.7
�4.0)% [1,

31], of which only about 5.5% is direct BB production,
complemented by BB⇤ (13.7%) and B⇤B⇤ (38.1%) pro-
duction.3 Additionally multi-body final states, such as
B(⇤)B(⇤)⇡ and BB⇡⇡ contribute. For the (quasi-)two-
body final states, we expect

R±0
5S =

�(⌥(5S) ! B(⇤)+B(⇤)�)

�(⌥(5S) ! B(⇤)0B(⇤)0)
' 1 . (17)

This allows for a novel determination of R±0, by study-
ing the double ratio of pairs of decays at the ⌥(4S) and
⌥(5S) resonances,

r(f, f 0) =


N(B+

! f)

N(B0 ! f 0)

�

⌥(4S)

�
N(B+

! f)

N(B0 ! f 0)

�

⌥(5S)

.

(18)
Here N denotes the acceptance- and e�ciency-corrected
yields in ⌥(4S) and ⌥(5S) decays, in the latter case
including B mesons from all (quasi-)two-body decays
⌥(5S) ! B̄(⇤)B(⇤). Crucially, in this ratio the B(B+

!

f) and B(B0
! f 0) branching fractions cancel, so no

information on the size of isospin breaking in the decay
rates is needed. In fact, f and f 0 do not have to be (pseu-
do-)isospin related, and any pair of states can be chosen
to minimize the experimental uncertainties. Thus, the
double ratio in Eq. (18) directly probes the ratio of pro-
duction rates, R±0, assuming Eq. (17) holds.

One aspect that could spoil Eq. (17) is the conta-
mination from final states other than B(⇤)B(⇤), where
the reduced phase space may enhance isospin violation.
However, if the B ! f decay is reconstructed in a
fully hadronic final state, its kinematic properties can be
used to separate many-body from the (quasi-)two-body
production, using the beam-constrained mass Mbc =p

s/4 � |~pB |2 [33], where ~pB is the three-momentum of
the reconstructed B meson. The Mbc method can also
be used for semileptonic decays [34].

3
Regarding phase space di↵erences caused by the B⇤

masses,

the mass di↵erence mB⇤0 � mB⇤+ = (0.91 ± 0.26)MeV [32]

has been measured by CMS. Curiously, this value is approxi-

mately �mc/mb ' � 1
3 times mD⇤0 � mD⇤+ ' �3.4MeV [1],

as expected from heavy-quark symmetry. The isospin split-

tings of the ground-state mesons, mB0 � mB+ ⇡ 0.3MeV and

mD0 �mD± ⇡ �4.8MeV [1], are far from this relation, probably

due to electromagnetic e↵ects.

In Table III we present estimates of projected sensi-
tivities to r(f, f 0) using this method, with the existing
Belle, as well as anticipated Belle II data, the latter
split into partial (10%) and full data sets. We stud-
ied a few promising modes, corresponding to di↵erent
parton-level transitions and di↵erent experimental sig-
natures and uncertainties. We base our uncertainty es-
timates on Refs. [21, 35–37] and assume for Belle II an
improvement on the systematic uncertainties by a factor
of two. We scale the statistical uncertainties with the in-
tegrated luminosity ratios and base our estimates for the
⌥(5S) analyses on the precision of the ⌥(4S) measure-
ments, assuming the same systematic uncertainties, but
correspondingly larger statistical uncertainties. We fur-
ther assume that common systematic uncertainties cancel
between the ⌥(4S) and ⌥(5S) measurements.
For B ! J/ K decays and the currently available

Belle ⌥(4S) and ⌥(5S) data sets, a precision of 7.1%
on R±0 can be reached, limited by the statistical un-
certainty of the ⌥(5S) measurement. A determination
focusing on B ! D⇡± decays could already reach a pre-
cision similar to the current world average. Semileptonic
B ! D⇤`⌫̄ also o↵er a clean avenue, but are limited by
the B+

! D̄⇤ 0`+⌫ precision at ⌥(5S). An additional im-
provement could be obtained by focusing on B ! DX`⌫̄
decays. These three decays look promising to reach 1%
or even sub-1% uncertainties with a Belle II data set of
5 ab�1 of ⌥(5S) data. We illustrate the fact that f and f 0

can be chosen independently to minimize the experimen-
tal uncertainties by studying mixed D⇡ and semileptonic
channels, further improving the precision of the r(f, f 0)
determination.

We conclude that the double-ratio method using either
B ! D⇡± decays or mixed D⇡ and semileptonic decays
is a promising way to study the feasibility of this method
with the existing Belle data.

IV. DECAY-CHANNEL-INDEPENDENT
DETERMINATION OF R±0

An alternative to using specific decay channels for de-
terminations of R±0 would be the use of the full range
of B meson decays. This would constitute another way
to remove assumptions about isospin violation. To our
knowledge, such a determination has not been attempted;
in the following we discuss a possible strategy and esti-
mate the corresponding sensitivities. This idea utilizes
the fact that B mesons leave a fairly easy signature to
trigger on, and that e+e� B-factory experiments operate
often with nearly 100% e�ciency to record events. Most
triggers rely on properties that are nearly identical for
B0B0 and B+B� events: a typical selection requires at
least three tracks and more than 1GeV energy deposition
in the calorimeter with four isolated clusters. Such inclu-
sive samples are in fact regularly analyzed to count the
number of B meson pairs and to subtract backgrounds
from continuum processes [38].
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A Way Out (Aftermath)
✦ Here are our projections for the few most promising channels we 

identified


✦ Already could reach the present precision by reanalyzing Belle data

✦ Even with partial Belle II data (0.5/5 ab-1 on ϒ(5/4S)), a percent 

precision can be reached, reaching a fraction of a percent with full 
Belle II data


✦ Very encouraging and resonated with Belle II management about 
potential advancement of the Y(5S) program
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Belle Belle II partial Belle II full

L⌥(5S) / L⌥(4S) [ab�1/ab�1] 0.12 / 0.71 0.5 / 5 5 / 50

N⌥(5S)

B(⇤)B(⇤) / N⌥(4S)
BB 2.74⇥ 107 / 7.72⇥ 108 1.13⇥ 108 / 5.55⇥ 109 1.13⇥ 109 / 5.55⇥ 1010

f, f 0 �r(f, f 0)/r(f, f 0)

J/ K+, J/ K0 7.1% 3.5% 1.1%

D̄0 ⇡+, D�⇡+ 2.4% 1.2% 0.4%

D̄⇤0`+⌫, D⇤�`+⌫ 4.5% 2.2% 0.7%

D̄0⇡+, D⇤�`+⌫ 1.8% 0.9% 0.3%

TABLE III. Estimated sensitivity to r(f, f 0) in Eq. (18), with available Belle data and anticipated partial and full Belle II data.

FIG. 2. Number of charged daughters from B+ and B0 decay (left) and from a pair of B decays (right), from EvtGen.

To separate B0B0 and B+B� events, another event
property can be combined with this approach: the to-
tal number of detector-stable charged daughter particles.
This is a di�cult quantity to reconstruct, but has a re-
liable proxy with the total number of charged-particle
tracks. Figure 2 (left; top and bottom) show the number
of charged daughter particles for B+ and B0 meson de-
cays as simulated by EvtGen [39], without any selection.
A distinctive feature is that for B+ (B0) the number of
charged daughters must be odd (even). This separation
is reduced if one looks at the number of charged daugh-
ters of a pair of B mesons produced in ⌥(4S) decay (as
shown in Fig. 2, right). A key problem is that these
distributions are sensitive to the modeling of B meson
decays. For instance, in EvtGen thousands of exclusive
decays are mixed with final states from Pythia8 [40] to
simulate inclusive B meson decays. One way to control
this is to measure this distribution or rather its proxy (the
number of charged-particle tracks) in data using decays
of B mesons, which identify their charge. For instance,
one can consider B0

! D�⇡+ decays, which, despite its
small branching fraction of ⇡ 2.5 ⇥ 10�3, can be recon-
structed with excellent experimental precision.

With the final-state particles of one B meson decay
precisely assigned to this signal, the rest of the collision

event can be assessed and the multiplicity distribution
of the number of charged-particle tracks can be precisely
measured. Similar measurements can be carried out with
B± decays and with other exclusive channels. This way
one can obtain the key ingredients for the prediction of
the B meson pair distributions from data, as their decays
progress fully independently from each other.
We construct an Asimov fit [41] to assess the separation

power using the number of charged particles. We assume
that a calibration of the charged and neutral B meson
multiplicities can be carried out with B0

! D�⇡+ and
B+

! D0⇡+ decays. We scale the statistical uncertainty
of Ref. [35] by the expected increase in the integrated
luminosity to evaluate the future Belle II sensitivities for
5 ab�1 and 50 ab�1. As we do not need to measure a
branching fraction, but rather the distribution of recon-
structed tracks, many of the leading systematic uncer-
tainties in Ref. [35] do not dilute the sensitivity. Using
the number of events and the expected distributions, we
determine templates and correlated uncertainties for the
B0B0 and B+B� multiplicity distributions. Notably, the
predictions in the bins of the multiplicity for a pair of B
mesons are correlated, as they are predicted from sam-
pling twice the distribution of a single B meson decay.
We fit the resulting distributions with di↵erent assump-
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Another Way Out
✦ Using global event variables to measure 

✦ Efficiencies of detection of charged and neutral B pairs at B 

factories are very similar and close to 100%

๏ Also common triggers are typically used for both types


✦ Simplest global variable one could imagine is the total number of 
tracks above a certain threshold

R±,0

14
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Belle Belle II partial Belle II full

L⌥(5S) / L⌥(4S) [ab�1/ab�1] 0.12 / 0.71 0.5 / 5 5 / 50

N⌥(5S)

B(⇤)B(⇤) / N⌥(4S)
BB 2.74⇥ 107 / 7.72⇥ 108 1.13⇥ 108 / 5.55⇥ 109 1.13⇥ 109 / 5.55⇥ 1010

f, f 0 �r(f, f 0)/r(f, f 0)

J/ K+, J/ K0 7.1% 3.5% 1.1%

D̄0 ⇡+, D�⇡+ 2.4% 1.2% 0.4%

D̄⇤0`+⌫, D⇤�`+⌫ 4.5% 2.2% 0.7%

D̄0⇡+, D⇤�`+⌫ 1.8% 0.9% 0.3%

TABLE III. Estimated sensitivity to r(f, f 0) in Eq. (18), with available Belle data and anticipated partial and full Belle II data.

FIG. 2. Number of charged daughters from B+ and B0 decay (left) and from a pair of B decays (right), from EvtGen.

To separate B0B0 and B+B� events, another event
property can be combined with this approach: the to-
tal number of detector-stable charged daughter particles.
This is a di�cult quantity to reconstruct, but has a re-
liable proxy with the total number of charged-particle
tracks. Figure 2 (left; top and bottom) show the number
of charged daughter particles for B+ and B0 meson de-
cays as simulated by EvtGen [39], without any selection.
A distinctive feature is that for B+ (B0) the number of
charged daughters must be odd (even). This separation
is reduced if one looks at the number of charged daugh-
ters of a pair of B mesons produced in ⌥(4S) decay (as
shown in Fig. 2, right). A key problem is that these
distributions are sensitive to the modeling of B meson
decays. For instance, in EvtGen thousands of exclusive
decays are mixed with final states from Pythia8 [40] to
simulate inclusive B meson decays. One way to control
this is to measure this distribution or rather its proxy (the
number of charged-particle tracks) in data using decays
of B mesons, which identify their charge. For instance,
one can consider B0

! D�⇡+ decays, which, despite its
small branching fraction of ⇡ 2.5 ⇥ 10�3, can be recon-
structed with excellent experimental precision.

With the final-state particles of one B meson decay
precisely assigned to this signal, the rest of the collision

event can be assessed and the multiplicity distribution
of the number of charged-particle tracks can be precisely
measured. Similar measurements can be carried out with
B± decays and with other exclusive channels. This way
one can obtain the key ingredients for the prediction of
the B meson pair distributions from data, as their decays
progress fully independently from each other.
We construct an Asimov fit [41] to assess the separation

power using the number of charged particles. We assume
that a calibration of the charged and neutral B meson
multiplicities can be carried out with B0

! D�⇡+ and
B+

! D0⇡+ decays. We scale the statistical uncertainty
of Ref. [35] by the expected increase in the integrated
luminosity to evaluate the future Belle II sensitivities for
5 ab�1 and 50 ab�1. As we do not need to measure a
branching fraction, but rather the distribution of recon-
structed tracks, many of the leading systematic uncer-
tainties in Ref. [35] do not dilute the sensitivity. Using
the number of events and the expected distributions, we
determine templates and correlated uncertainties for the
B0B0 and B+B� multiplicity distributions. Notably, the
predictions in the bins of the multiplicity for a pair of B
mesons are correlated, as they are predicted from sam-
pling twice the distribution of a single B meson decay.
We fit the resulting distributions with di↵erent assump-
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Track Counting: Sensitivity
✦ Projected sensitivity is similar to that of the ϒ(4S)/
ϒ(5S) double ratio


✦ Can be done before ϒ(5S) running and with the 
existing data


✦ Calibrate the track reconstruction efficiency with 
known decays, e.g.  and B± → D0π± B0 → D−π+

15
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Belle Belle II partial Belle II full

L⌥(4S) [ab�1] 0.71 5 50

�(R±0)/R±0 2.2% 0.9% 0.3%

TABLE IV. The estimated R±0 sensitivity achievable using
the number of charged-particle tracks. This includes the cal-
ibration uncertainty in the number of charged-particle tracks
from B0 ! D�⇡+ decays and assumes a similar sensitivity
can be achieved in B± ! D0⇡+ decays. Without the cali-
bration uncertainty, the statistical component would be sub-
percent even with the data available now.

tions for the three luminosity scenarios and report the
achievable relative uncertainties in Table IV, taking into
account the uncertainties from the expected calibration
precision.

In practice, additional reconstruction e↵ects will cause
di↵erences between the number of charged particles and
the number of tracks, such as the finite detector ac-
ceptance or the occurrence of misidentified or duplicate
tracks. Such e↵ects shift and broaden the B0B0 and
B+B� distributions, and a more robust study on the
feasibility of this method can only be done within the
experiments.

V. PRODUCTION FRACTION RATIOS AT
HADRON COLLIDERS

At hadron colliders, the production fractions of
charged and neutral B mesons, denoted fu and fd, re-
spectively, play an analogous role to that of the ⌥ decay
rates at e+e� B-factories. However, symmetry consid-
erations are not as easily applicable: a priori, we can-
not expect the relation fu = fd to hold, since both the
initial and final states are more complicated than at a
B-factory. At the Tevatron, the initial pp̄ state is a su-
perposition of an isosinglet and an isotriplet, while at the
LHC the pp initial state is a pure isotriplet. Furthermore,
the presence of additional particles in the final state does
not allow for a determination of the isospin state of the b
hadron pair. However, the dominant bb̄ production mech-
anisms at the LHC (gluon splitting and t-channel flavor
creation) are isospin invariant. At the same time, the
fragmentation into B mesons is a complicated process.
Regarding fragmentation to Bs mesons, corrections to
the SU(3) flavor symmetry are large, as measured by the
ratio fs/fd ⇡ 0.25, with a dependence on the center-of-
mass energy and kinematics [42]. Therefore, the size of
the ratio fu/fd is ultimately an experimental question
and fu/fd = 1 cannot be assumed, but should be de-
termined experimentally, including a possible kinematic
dependence, as observed for fs and f⇤b [42, 43].

The experimental determination of this quantity is
again complicated by the di�culty of decoupling the pro-
duction fractions from the decay rates. An additional

complication arises due to the uncorrelated hadronization
of the b and b̄ quarks produced, such that category I mea-
surements discussed above are not possible. This leaves
us with categories II and III.
A measurement falling into category II with external

inputs of the ratio of decay rates (and thereby R±0) for
B0

! J/ K⇤0 and B+
! J/ K+ has been carried out

by the CMS Collaboration [44], yielding

fd
fu

= 1.015 ± 0.051 . (19)

The precision of this measurement is presently limited by
the uncertainty in the CMS analysis and to lesser extent
by the uncertainty in R±0.
On the other hand, it would be desirable to obtain a

measurement of fd/fu that does not rely on the exter-
nal measurement of R±0, using the large samples of B
mesons that already exist at the LHC and will be sig-
nificantly enlarged in the HL-LHC era. To that aim, we
propose to use the approximate equality of rates of the
semi-inclusive decays,

�(B0
! D̄(⇤)Xµ⌫) ⇡ �(B+

! D̄(⇤)Xµ⌫) . (20)

This relation follows from the equality of inclusive rates
discussed above, given the small fraction of decays that
do not result in a D(⇤) meson in the final state, specifi-

cally final states including D(⇤)
s K̄(⇤) or baryons. An anal-

ogous method has been employed in the determination of
the ratio of production fractions fs/fd from semileptonic
decays by the LHCb collaboration [43]. These final states
also include decays of Bs and ⇤b. While most of these
decays have not been observed explicitly, the ones that
have been seen sum to a branching fraction of ⇠ 1%.
Their contributions are additionally suppressed by the
smaller production fractions, fs and f⇤b , respectively, so
accounting for them should not be too di�cult [45]. In
order to separate the neutral and charged B mesons de-
caying into these final states, one possibility is to employ
the oscillations in B0 meson mixing, which are absent for
B± mesons. This has been used by the LHCb collabo-
ration in a time-dependent semi-inclusive measurement
of �md [45] to remove the background from B± mesons;
here this background is considered instead part of the
signal.
Whether the desired O(1%) precision can be reached

via this method is an experimental question; we leave
the detailed studies to dedicated experimental analyses,
and simply point out their potential use for measuring B
meson production fractions.
Finally, large samples of tt̄ events accumulated at the

LHC by the ATLAS and CMS Collaborations could also
be used as a way to test isospin invariance in production
and/or decay of B mesons. Unlike the pp initial state,
the tt̄ system is an isospin singlet. If the interaction with
the rest of the event, often referred to as “color reconnec-
tion”, is small, and we consider the case in which the W
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What About (HL-)LHC?
✦ At hadron colliders, measurements of the production 

fractions fs, fu, fd of  mesons play similar role 
to  at the B factories

๏ The fs/fu is now the leading uncertainty in the 

 measurement

๏ Implicitly relies on an assumption of fu = fd

B0
s , B+, B0

R±,0

ℬ(B0
s → μ+μ−)
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and peaking backgrounds, respectively, to account for uncertainties 
in the rate of misidentifying charged hadrons as muons. The nui-
sance parameters in the yield calculation, such as the ratio of the 
efficiencies and the normalization of the B+ → J/ ψK+ process, are 
constrained using Gaussian or log-normal priors, according to the 
corresponding systematic uncertainties.

The combinatorial background is modeled by a linear function 
(constrained to be positive in the entire fit range). The yields and 
the slopes of the combinatorial background are free parameters in 
the UML.

We estimate the expected performance of the branching frac-
tion measurement via an ensemble of pseudo-experiments gen-
erated using the SM values for the branching fractions and the 
lifetime. The relative uncertainties, which include the systematic 
uncertainties described in Section 8, are expected to be +11.1

−10.5 % in 
B(B0

s → µ+µ−) and +67
−62 % in B(B0 → µ+µ−).

To extract the effective lifetime of the B0
s meson in the B0

s →
µ+µ− decay, we perform a 3D UML fit to the dimuon invariant 
mass, decay time, and decay time uncertainty, dividing the data by 
data-taking period, dMVA value, and rapidity of the most forward 
muon, as we do for the branching fraction fit. The signal accep-
tance as a function of the decay time is extracted from simulation 
and corrected with the B+ → J/ ψK+ decays in data. To minimize 
the differences between the two channels, we use the B+ → J/ ψK+

control sample defined in Section 6, along with its MVA. The com-
binatorial background decay time distribution was obtained from 
a mass sideband in data. The decay time uncertainty is calculated 
for each event and is used as an observable in the fit. The decay 
time uncertainty models are obtained from the simulation sam-
ples and sideband data. Using pseudo-experiments generated with 
a complete B0

s → µ+µ− model, the expected total uncertainty in 
the lifetime is found to be +0.18

−0.16 ps.

8. Systematic uncertainties

8.1. Branching fraction measurement

The branching fraction measurements have multiple sources of 
experimental and theoretical systematic uncertainties. The exper-
imental uncertainties are dominated by the uncertainty in the 
B → µ+µ− signal efficiency corrections due to mismodeling of 
dMVA in MC simulation, the kaon reconstruction and selection ef-
ficiency for the B+ → J/ ψK+ and B0

s → J/ ψφ(1020) normalization 
measurements, and the trigger efficiency difference between the 
signal and normalization channels. The uncertainties in the branch-
ing fractions of the B+ → J/ ψK+ and B0

s → J/ ψφ(1020) decays, as 
well as in fs/ fu, are considered to be external uncertainties, which 
are factorized out in the final results.

The signal efficiency corrections for mismodeling of the dMVA
distribution are estimated with two different methods described 
in Section 6. The two methods give results compatible with each 
other. Based on the difference between the two methods, we as-
sign a 2 (3)% systematic uncertainty in the corrections for the 
B0

s → µ+µ− and B0 → µ+µ− signal efficiencies for the dMVA >
0.90 (0.99) selection (“dMVA correction”).

The hadron tracking efficiency uncertainty is obtained by com-
paring the ratio of the measured branching fractions of the two-
body D0 → K−π+ to the four-body D0 → K−π+π+π− decays to 
the world average value [29]. This gives a “Tracking efficiency” un-
certainty of 2.3% [50] for each kaon.

As a result of the different kinematics and triggers for the sig-
nal and normalization channels, the trigger efficiency effects do 
not fully cancel and are corrected using MC simulation. The sim-
ulation of the trigger efficiency is checked by comparing with the 
efficiency measured using data obtained from other triggers. The 

Table 3
Summary of the systematic uncertainties for the B0

s → µ+µ− and B0 → µ+µ−

branching fraction measurements.

Effect B0
s → µ+µ− B0 → µ+µ−

fs/ fu ratio of the B meson production fractions 3.5% —
dMVA correction 2–3%
Tracking efficiency (per kaon) 2.3%
Trigger efficiency 2.4–3.7%
Fit bias 2.2% 4.5%
Pileup 1%
Vertex quality requirement 1%
B+ → J/ψK+ shape uncertainty 1%
B+ → J/ψK+ branching fraction 1.9%

observed differences between simulation and data are used to es-
tablish a “Trigger efficiency” systematic uncertainty of 3.7 (2.4)% 
for 2016 (2017–2018).

There are a few more systematic uncertainties in the mea-
surement. The fit bias is extracted from the difference between 
the branching fraction obtained from the pseudo-experiments and 
the input SM value, combined with the variation caused by us-
ing different background models in the fit (“Fit bias”). The shape 
uncertainty in the normalization channel is derived by using dif-
ferent signal templates in the yield fits (“B+ → J/ ψK+ shape un-
certainty”). The pileup uncertainty is extracted from the difference 
in the efficiency performance derived using the pileup distribu-
tion in data and in MC simulation (“Pileup”). The normalization 
channels use a tighter SV probability requirement than the sig-
nal channel because of the different triggers. The corresponding 
uncertainty is evaluated by comparing the efficiency difference be-
tween the tighter and the signal channel SV probability require-
ment (>0.100 with respect to >0.025) in the data and MC simu-
lation in B+ → J/ ψK+ events (“Vertex quality requirement”), where 
the data is from a sample that is triggered without the SV proba-
bility requirement.

Table 3 summarizes the systematic uncertainties for the branch-
ing fraction measurements using B+ → J/ ψK+ events for nor-
malization, including the B+ → J/ ψK+ branching fraction uncer-
tainty [29]. For the B0

s → µ+µ− branching fraction measurement 
with the B0

s → J/ ψφ(1020) normalization, the systematic uncer-
tainty in the tracking efficiency is doubled to 4.6% due to the 
presence of two kaons in the final state, and the shape uncertainty 
is found to be 1.5%. At the same time, this measurement could be 
free from explicitly taking into account the B production fraction 
systematic uncertainty, as discussed in Section 9.

The lifetime of the B0
s meson has a significant impact on the 

signal efficiency for the B0
s → µ+µ− decays. The branching fraction 

measurements are reported assuming the SM value for the lifetime 
(1.61 ps). Since the lifetime affects the branching fraction measure-
ments, we provide a correction for alternative lifetime hypotheses. 
The scale factor for the branching fraction is 1.577 −0.358τ , where 
τ is the B0

s meson lifetime in ps.

8.2. Lifetime measurement

The dominant source of systematic uncertainty in the lifetime 
measurement is associated with mismodeling of the correlation 
between the dMVA and the decay time. This correlation stems from 
the most discriminating MVA variables, the pointing angle and its 
uncertainty, both of which are strongly correlated with the decay 
time. The correlation enters via the decay distance: the larger the 
decay distance is, the better one knows the direction from the PV 
to SV. As the decay distance gets shorter, the uncertainty in the 
pointing angle increases, making such events harder to distinguish 
from the background. Mismodeling of these correlations in simula-
tion can have a significant impact on the decay time distribution.

6

CMS, PLB 842 (2023) 137955
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Is fu Equal to fd
✦ This is essentially an isospin invariance assumption

✦ However, unlike e+e-, pp initial state is not an isospin 

eigenstate, so the isospin conservation in the final 
state is questionable

๏ Furthermore, there are additional particles always present, 

so the produced system is not a pure BB final state

✦ Since  and  quarks fragment independently, 

measurements of Type I (single vs. double tag) are not 
possible


✦ Hence, there is always a mixture of potential isospin 
violation in the initial and final state, with the latter 
needed to be disentangled

b b

17
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First Measurement of fd/fu
✦ The first Type-II measurement of the fd/fu ratio has been 

recently performed by CMS

๏ Based on the ratio of  and  decay

๏ Explicitly uses HFLAV  as an external input, thus bringing 

in an 3% extra uncertainty

๏ fd/fu = 0.998 ± 0.063

B0 → K*0J/ψ B+ → K+J/ψ
R±,0
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Figure 3: The ratio of the B0 to B+ hadron production fractions fd/ fu, as a function of pT
(left) and |y| (right). The vertical bars (boxes) represent the statistical (bin-to-bin systematic)
uncertainties, while the horizontal bars give the bin widths. The horizontal blue line and band
represent the average value and uncertainty. The global uncertainty (of 5.7%) is included in the
blue bands but not in the individual data points.

HEPData record for this analysis [34].

In summary, the ratio of the B0
s and B+ hadron production fractions, fs/ fu, directly propor-

tional to the ratio of the efficiency-corrected meson yields, Rs , is studied as a function of the
B meson transverse momentum pT and rapidity, using the B0

s ! J/y f and B+ ! J/y K+ de-
cay channels. The analysis uses an event sample of pp collisions at a center-of-mass energy of
13 TeV, collected by CMS in 2018 and corresponding to an integrated luminosity of 61.6 fb�1.
While no Rs dependence on the B meson rapidity is seen, a strong variation is observed in
the 12 < pT < 18 GeV range, followed by a flat trend for higher pT values. The fd/ fu ratio,
measured for the first time in proton-proton collisions using the B0! J/y K⇤0 decay channel, is
found to be compatible with unity and independent of rapidity and pT. This is the first direct
measurement of isospin invariance in B meson production at hadron colliders. The b hadron
production fractions presented in this Letter also provide a crucial input to measurements by
ATLAS and CMS of the B0

s ! µ+µ� branching fraction.
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Can We Do Better?
✦ Potentially yes!

✦ At HL-LHC, one could use the fact that the branching fractions of 

semileptonic decays are expected to show small isospin violation

๏ e.g.,


✤ Similar technique has been already used for fs/fd determination in LHCb

๏ Charged and neutral B mesons can potentially be separated through the 

oscillations in  system

✤ Again, this approach has been used by LHCb in time-dependent Δmd variable 

to remove B± background

✦ Whether a 1% precision can be achieved in these types of 

measurements is an experimental question worth pursuing

✦ Finally at hadron colliders we could use an isosinglet  system in a 

similar way ϒ(ns) or Z are used at e+e- machines

๏ B mesons produced in top quark decays are expected to preserve the 

isospin invariance

๏ It would be interesting to test this experimentally!

B0

tt̄

19

7

Belle Belle II partial Belle II full

L⌥(4S) [ab�1] 0.71 5 50

�(R±0)/R±0 2.2% 0.9% 0.3%

TABLE IV. The estimated R±0 sensitivity achievable using
the number of charged-particle tracks. This includes the cal-
ibration uncertainty in the number of charged-particle tracks
from B0 ! D�⇡+ decays and assumes a similar sensitivity
can be achieved in B± ! D0⇡+ decays. Without the cali-
bration uncertainty, the statistical component would be sub-
percent even with the data available now.

tions for the three luminosity scenarios and report the
achievable relative uncertainties in Table IV, taking into
account the uncertainties from the expected calibration
precision.

In practice, additional reconstruction e↵ects will cause
di↵erences between the number of charged particles and
the number of tracks, such as the finite detector ac-
ceptance or the occurrence of misidentified or duplicate
tracks. Such e↵ects shift and broaden the B0B0 and
B+B� distributions, and a more robust study on the
feasibility of this method can only be done within the
experiments.

V. PRODUCTION FRACTION RATIOS AT
HADRON COLLIDERS

At hadron colliders, the production fractions of
charged and neutral B mesons, denoted fu and fd, re-
spectively, play an analogous role to that of the ⌥ decay
rates at e+e� B-factories. However, symmetry consid-
erations are not as easily applicable: a priori, we can-
not expect the relation fu = fd to hold, since both the
initial and final states are more complicated than at a
B-factory. At the Tevatron, the initial pp̄ state is a su-
perposition of an isosinglet and an isotriplet, while at the
LHC the pp initial state is a pure isotriplet. Furthermore,
the presence of additional particles in the final state does
not allow for a determination of the isospin state of the b
hadron pair. However, the dominant bb̄ production mech-
anisms at the LHC (gluon splitting and t-channel flavor
creation) are isospin invariant. At the same time, the
fragmentation into B mesons is a complicated process.
Regarding fragmentation to Bs mesons, corrections to
the SU(3) flavor symmetry are large, as measured by the
ratio fs/fd ⇡ 0.25, with a dependence on the center-of-
mass energy and kinematics [42]. Therefore, the size of
the ratio fu/fd is ultimately an experimental question
and fu/fd = 1 cannot be assumed, but should be de-
termined experimentally, including a possible kinematic
dependence, as observed for fs and f⇤b [42, 43].

The experimental determination of this quantity is
again complicated by the di�culty of decoupling the pro-
duction fractions from the decay rates. An additional

complication arises due to the uncorrelated hadronization
of the b and b̄ quarks produced, such that category I mea-
surements discussed above are not possible. This leaves
us with categories II and III.
A measurement falling into category II with external

inputs of the ratio of decay rates (and thereby R±0) for
B0

! J/ K⇤0 and B+
! J/ K+ has been carried out

by the CMS Collaboration [44], yielding

fd
fu

= 1.015 ± 0.051 . (19)

The precision of this measurement is presently limited by
the uncertainty in the CMS analysis and to lesser extent
by the uncertainty in R±0.
On the other hand, it would be desirable to obtain a

measurement of fd/fu that does not rely on the exter-
nal measurement of R±0, using the large samples of B
mesons that already exist at the LHC and will be sig-
nificantly enlarged in the HL-LHC era. To that aim, we
propose to use the approximate equality of rates of the
semi-inclusive decays,

�(B0
! D̄(⇤)Xµ⌫) ⇡ �(B+

! D̄(⇤)Xµ⌫) . (20)

This relation follows from the equality of inclusive rates
discussed above, given the small fraction of decays that
do not result in a D(⇤) meson in the final state, specifi-

cally final states including D(⇤)
s K̄(⇤) or baryons. An anal-

ogous method has been employed in the determination of
the ratio of production fractions fs/fd from semileptonic
decays by the LHCb collaboration [43]. These final states
also include decays of Bs and ⇤b. While most of these
decays have not been observed explicitly, the ones that
have been seen sum to a branching fraction of ⇠ 1%.
Their contributions are additionally suppressed by the
smaller production fractions, fs and f⇤b , respectively, so
accounting for them should not be too di�cult [45]. In
order to separate the neutral and charged B mesons de-
caying into these final states, one possibility is to employ
the oscillations in B0 meson mixing, which are absent for
B± mesons. This has been used by the LHCb collabo-
ration in a time-dependent semi-inclusive measurement
of �md [45] to remove the background from B± mesons;
here this background is considered instead part of the
signal.
Whether the desired O(1%) precision can be reached

via this method is an experimental question; we leave
the detailed studies to dedicated experimental analyses,
and simply point out their potential use for measuring B
meson production fractions.
Finally, large samples of tt̄ events accumulated at the

LHC by the ATLAS and CMS Collaborations could also
be used as a way to test isospin invariance in production
and/or decay of B mesons. Unlike the pp initial state,
the tt̄ system is an isospin singlet. If the interaction with
the rest of the event, often referred to as “color reconnec-
tion”, is small, and we consider the case in which the W
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Conclusions
✦ Precision determination of  is important for a variety of 

measurements and theoretical calculations in many areas of B 
physics


๏ Current precision makes it inconclusive whether the central value is 
consistent with unity or not


๏ Affects precision of several important branching fractions determination

✦ A precision measurement of non-BB fraction in ϒ(4S) decays is an 

important input to the extraction of 

๏ The only existing measurement by CLEO, which is nearly 30 years old and 

has ~2% precision is not sufficient to reach a percent precision in 

✦ We developed several novel methods of significantly shrinking the 

 uncertainties (along with the fragmentation fraction ratios), using 
combination of B factories and (HL-)LHC measurements


✦ The results look promising and we hope that they will serve as a guide 
for experimental resolution of the  puzzle

R±,0

R±,0

R±,0

R±,0

R±,020


