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Motivation
• At	proton	colliders	such	as	the	LHC,	the	presence	of	
large	uncertainties	regarding	absolute	trigger	and	
production	efficiencies	implies	that	only	ratios	of	
branching	fractions	can	be	measured	at	a	precise	
level.
• For	each	R(Xc)	measurement,	one	therefore	has	to	
choose	a	normalization	channel	whose	yield	will	be	
measured	together	with	the	signal	channel	under	
consideration	to	determine	such	a	ratio.	
• In	the	case	of	3-prong	tà3pnt we	measure	e.g.	

• and	get
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WP1 Measurements of branching fraction ratios WP4 Normalization 

WP2 Measurements of discriminating variables WP5 Fast simulations 

WP3 Double-charm background WP6 Theory 

The roadmap of the BSM-3P project in terms of work plans, activities and expected results of each work 
package is best understood by taking the R(D*) measurement with 3-prong t decays [12] as reference.  

That measurement, obtained on a sample of proton-proton collisions taken with the LHCb detector, 
corresponding to 3fb-1 integrated luminosity collected at center-of-mass energies of Ös=7 and 8 TeV, has a 
statistical uncertainty of 6.5%.  LHCb is expected to integrate 5fb-1 at Ös=13 TeV by the end of 2018. The 
production cross-section of bb quark pairs increases linearly with energy, therefore a statistical precision of 
the order of 3% on R(D*) is expected on the sum of these two samples.  

The systematic uncertainty on R(D*) is currently the sum in quadrature of an “internal” uncertainty of 9%, due 
to experimental effects and uncertainties in theory calculations, and an “external” uncertainty of 4.5% due to 
the limited knowledge of branching fractions, taken from external measurements, that are needed to convert 
the measured signal yield into a determination of R(D*). It is therefore clear that the reduction of both internal 
and external systematic uncertainties is a high-priority goal in these studies.  

The dominant internal uncertainty (4.6%) is due to the limited size of the simulated datasets, that are used to 
determine the efficiency of signal and normalization modes and the shapes of the templates used in the fit to 
the experimental distributions that determines the signal yield. A dedicated simulated sample of 500 million 
events was used, that was generated in a few months. Samples of simulated events at least one order of 
magnitude larger than the currently available ones are needed in order to perform the measurements proposed 
in BSM-3P.  This represents a bottleneck in the production of the results, and needs to be addressed with a 
work plan that will be deployed within WP5 (fast simulations).  

Another internal systematic uncertainty on R(D*) originates from the limited knowledge of the decays of Ds, 
D0 and D+ mesons with three pions in the final state. The branching fractions of these decays, as well as their 
internal structure in terms of intermediate resonances, are not known very well.  These decays will be measured 
using datasets collected with the BES-III experiment at the BEPC collider in IHEP, Beijing. Also, the 
knowledge of the background due to B®D*DsX, B®D*D0X, and B®D*D+X decays needs to be improved both 
in terms of branching fractions and resonant structure. Such decays will be measured by using datasets from 
the B Factories, LHCb, Belle-2. These two activities will be performed in WP3 (double-charm backgrounds).  

The external systematic uncertainty mentioned above is due to the fact that, to minimize experimental 
uncertainties, the signal yield Nsig is measured relative to that of a normalization mode Nnorm   

! "∗ = %&(%( → "∗*+)
%&(%( → "∗3.) =

/012
/3456

× 834568012
, 

8012 and 83456 being selection efficiencies. The measurement of R(D*) is then obtained by taking the branching 
fraction of the normalization mode and of the semileptonic decay in lighter lepton species as external input, 
i.e. R(D*) = K(D*)×Br(B0®D*3p)/Br(B0®D*µn). The branching fraction of the normalization mode, the 
B0→D	−p+p-p+decay, was known until recently with a 10% precision, thus severely limiting the precision of 
our measurement. A spin-off measurement was then performed by members of my group on the full Babar 
dataset, with the specific purpose of improving the external systematic uncertainty on R(D*). This new result 
[21] has a 4.3% precision, which dominates the current world average. The precision on this mode will be 
further improved and similar studies will be performed for the normalization modes of other semi-tauonic 
decays, by using datasets from the Babar, Belle, LHCb and Belle-2 experiments, where appropriate. This is 
the subject of WP4.  

A synthesis of the measurements that will be performed by WP1 and WP2, and their interpretation in terms of 
compatibility with the SM and NP scenarios, will be crucial to reach the primary objective of the BSM-3P 
project. A close collaboration with the theory community is needed, that will be reached through individual 
collaborations and the organization of joint workshops. This is the subject of WP6.  

Finally, all these activities will be managed, a workflow implemented, prioritizations given, progress assessed, 
results communicated. The latter will involve not only the specialized audience in the usual forms of scientific 
papers, conference presentations and academic seminars, but also the general public and the curious non-
scientific audience in outreach activities (such as a web site, social media, interviews, seminars).   
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The	ideal	normalization	channel
[Disclaimer:	3-prong	measurements	from	now	on]

1. its	final	state	is	exactly	the	same	as	the	signal	
channel	

2. its	production	dynamics	and	decay	kinematics	are	
the	same	as	the	signal	channel	

3. its	absolute	branching	fraction	is	known	with	an	
uncertainty	negligible	with	respect	to	other	
sources.	
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In	practice…

• B0®D*–t+nt: the	decay	channel	B0®D*–p+p–p+

matches	criteria	1	and	3	but	only	partially	criterion	2,	
since	the	two	extra	neutrinos	present	in	the	signal	final	
state	affect	(slightly)	trigger	and	selection	efficiencies.
• Bc®J/y t+nt :	the	Bc®J/y p+p–p+ channel	matches	
criteria	1	(fully)	and	2	(partially),	but	it	does	not	match	
at	all	criterion	3,	since	its	branching	fraction	is	
unknown.	
• Normalizing	to	Bc®J/y µ+nµwould	violate	criterion	1	and	2	
(to	some	extent)

• Similar	situation	for	D0,	D-,	Ds
-,Lc

-:		branching	fractions	
are	known	at	a	precision	level	above	10%
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Summary	of	measurements
Channel Branching fraction Notes

B0àD*-3p (7.21	± 0.29)	10-3 Dominated	by	Babar	measurement

B0àD-3p (6.0	± 0.7)	10-3 CLEO	1992 +	PDG	fit

B+àD03p (5.7	± 2.2)	10-3 CLEO	1992 +	PDG	fit

BsàDs3p (6.1	± 1.0)	10-3 CDF +	PDG	fit.	Measured	relative	to	B0àD-3p

LbàLc3p (7.7	± 1.1)	10-3 CDF,	relative to	Lcp.	The	uncertainty	on	the	latter	
is	dominated	by	2	LHCb measurements, both	
dominated	by	knowledge	of	fbaryon/fd and	
1. BR(B0àD-p+)
2. Obtained	using	the	branching	fraction

of Λ+càpK−π+ decay.

BcàJ/y 3p seen

Badly	needed	measurements	of	B	mesons	could	be	easily	
done	at	Belle-II	/	Belle	/Babar	!

In	the	baryon	(and	Bc)	sectors	we	are	(and	will)	be	
dominated	by	the	knowledge	of	the	hadronization fractions
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Other	normalization	channels?

• Final	states	of	the	type	XbàXcDs are	particularly	
interesting	as	normalization	channels
• In	addition	to	the	same	topology	as	signal,	they	also	
have	the	same	detached	vertex	topology,	therefore	
uncertainties	due	to	trigger	and	selection	efficiencies	
will	drop	out	in	the	K(Xc)	measurement
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Is	it	worth	the	effort?

• LHCb 3-prong	R(D*)
• BàD*Ds(à3p)X	
control	sample
• All	analysis	cuts
• ~300	candidates	on	
Run1
• Cf.	1300	signal	
candidates
• …but	statistical	errors	
are	similar	(~6%)

• Alternatively:	
• take	DsàKKp decays
• 5x	more	candidates

• But:	different	final	state!
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Summary	of	XbàXcDs decays
Channel Branching fraction Notes

B0àD*-Ds (8.0	± 1.1)	10-3 Babar	+	CLEO

B0àD-Ds (7.2	± 0.8)	10-3 Dominated	by	BELLE	2007	

B+àD0Ds (9.0	± 0.9)	10-3 Babar +	CLEO.	LHCb uses	B0àD-Ds

BsàDsDs (4.4	± 0.5)	10-4 BELLE	on Y(5S).	LHCb uses	B0àD-Ds

LbàLcDs (1.1	± 0.1)	10-3 LHCb uses	B0àD-Ds and	measured	
Br(Λb→ Λc

+π−)/Br( B0 à D+π−)

BcàJ/y Ds seen ATLAS+LHCb:	3.1± 0.5	relative	to	BcàJ/yp

Measurements	of	B	mesons	could	be	easily	done	at	
Belle-II	/	Belle	/Babar	

In	the	baryon	(and	Bc)	sectors	we	are	(and	will)	be	
dominated	by	the	knowledge	of	the	hadronization fractions
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Mixed	approach?
• Combine	theoretical	predictions	with	experimental	
measurements,	e.g.	

• The	first	two	ratios	can	be	experimentally	determined	
with	a	percent	precision	in	LHCb because	they	involve	
channels	with	the	same	final	state	or	the	same	trigger	
configuration.	The	third	one	is	measured	at	B	factories	
and	Belle-2.	
• Uncertainties	due	to	the	limited	knowledge	of	the	Lbproduction	fractions	or	the	Lb branching	fractions	in	any	observable	state	completely	cancel	in	these	ratios.	
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precision. Two different BESIII datasets, already available, can be used for this purpose. The first sample 
consists of about 3fb-1 data collected at the center-of-mass energy of the y(3773), which decays predominantly 
into D0D0 and D+D−, corresponding to about 11M and 8M pairs produced, respectively. A second sample of 
about 3fb-1 collected at the center-of-mass energy of 4180 GeV will enable to study Ds decays (~3M Ds

+Ds
− 

pairs). In addition, a smaller and older data set of about 0.4nb-1 collected at 4010 GeV (~140K Ds
+Ds

− pairs) 
will be used to perform preliminary studies and checks of systematic uncertainties.  
The tasks of the WP3 will be to  

• Use BES-III data to  
o perform the inclusive measurement of the branching fraction of Ds

+→π+π−π+X relative to the 
exclusive decays Ds

+→ π+π−π+, where X stands for one or more neutral particles. The 
determination of the efficiency-corrected invariant mass distributions of the three-pion and of 
each of the pion pairs is a crucial outcome of this analysis.  

o measure the branching fractions of the D+→ π+π−π+X, D+→ π+π−π+K0 decays, and the 
branching fraction of D+(0)→π+π−π+π0K0 relative to the inclusive D+(0)→π+π−π+X decays.  

• Use Belle-2 and LHCb data to improve the composition of the background due to Hb→Hc H’c decays, 
particulary in cases where Hc and H’c are excitations of D or Ds mesons such as narrow and wide p-
wave mesons, or radial excitations.  

 

WP4 Normalization 

At proton colliders such as the LHC, the presence of large uncertainties regarding absolute trigger and 
production efficiencies implies that only ratios of branching fractions can be measured at the percent 
level required in this project. For each R(Xc) measurement, one therefore has to choose a normalization 
channel whose yield will be measured together with the signal channel under consideration to determine such 
a ratio.  Several normalization channels can be combined for the same measurement. The characteristics of the 
ideal normalization channel are the following: 

1. its final state is exactly the same as the signal channel 
2. its production dynamics and decay kinematics are the same as the signal channel 
3. its absolute branching fraction is known with an uncertainty negligible with respect to other sources.   

In practice, it is difficult to match all these criteria. In the favourable B0®D*–t+nt case of Ref. [12], the decay 
channel B0®D*–p+p–p+ matches criteria 1 and 3 but only partially criterion 2, since the two extra neutrinos 
present in the signal final state affect slightly trigger and selection efficiencies. In the more difficult situation 
of Bc

+®J/yt+nt decays, the Bc
+®J/yp+p–p+ channel matches criteria 1 (fully) and 2 (partially), but it does not 

match at all criterion 3, since its branching fraction is unknown. The situation is similar for Lb
0® Lc

–t+nt, 
whereas for Bs

0®Ds
–t+nt a measurement of Bs

0®Ds
–p+p–p+ will be made at Belle-2. To overcome this problem, 

other normalization channels can be used, such as the semileptonic decay Bc
+®J/yµ+nµ. In this case, the 

violation of criterion 1 (and 2 to some extent) will imply very delicate trigger and selection studies to obtain 
the desired level of precision.  

Another approach that will be pursued in WP4 will be a "mixed" approach where theoretical predictions are 
combined with experimental measurements in order to get rid of the problems mentioned above. As an 
illustration, the prediction of the ratio Th=Br(Lb

0® Lc
–µ+nµ)/Br(B0®D*–µ+nµ), which can be computed with a 

few percent accuracy in lattice QCD, can be used in the R(Lc) measurement as follows6:  

: Λ< = %& Λ= → 	Λ<*+
%& Λ= → 	Λ<?+

= /(Λ= → 	Λ<*+)
/ Λ= → 	Λ<3.

∗ / Λ= → 	Λ<3.
/ %( → "∗@3. ∗ %& %

( → "∗@3.
%& %( → "∗@?+ ∗ 1

Bℎ 

The first two ratios can be experimentally determined with a percent precision in LHCb because they involve 
channels with the same final state or the same trigger configuration. The third one is measured at B factories 
and Belle-2. The interest of this approach is that the uncertainties due to the limited knowledge of the Lb 
production fractions or the Lb branching fractions in any observable state completely cancel in these ratios. 

The tasks of WP4 will be therefore to  
• estimate the precision level which can be reached in the approaches mentioned above to select the 

optimum normalization strategy, which can involve two or more normalization channels per 
measurement. 

                                                
6 Selection efficiencies have been omitted for brevity 
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Meinel,	semi-tauonic WS,	Apr	2016
Another ratio, useful as a normalization factor in the LHCb measurement of
⇤b ! ⇤c⌧ ⌫̄⌧ :

R =
�(⇤0

b ! ⇤+
c µ�⌫̄µ)

�(B̄0 ! D+µ�⌫̄µ)

Input R

DLM+HPQCD 2.47± 0.26

DLM+Fermilab/MILC 2.30± 0.23

DLM+Fermilab/MILC+BaBar 2.45± 0.19

DLM+Fermilab/MILC+BaBar+Belle 2.37± 0.16

[W. Detmold, C. Lehner, S. Meinel, PRD 92, 034503 (2015)]

[J. A. Bailey et al., PRD 92, 034506 (2015)]

[H. Na et al., PRD 92, 054510 (2015)]

[B. Aubert et al. (BaBar), PRL 104, 011802 (2010)]

[R. Glattauer et al. (Belle), PRD 93, 032006 (2016)]

[C. DeTar, private communication]
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Homework

• Estimate	the	precision	level	which	can	be	reached	in	
the	approaches	mentioned	above	to	select	the	
optimum	normalization	strategy,	
• This	can	involve	two	or	more	normalization	channels	per	
measurement.	

• Measure	the	normalization	channels	at	the	most	
appropriate	facility	(B	factories,	LHCb or	Belle-2).	
• In	addition	to	branching	fractions,	a	full	kinematic	
study	allows	to	determine	the	impact	on	systematic	
uncertainties	related	to	the	imperfect	cancellation	of	
trigger	and	selection	efficiencies	between	signal	and	
normalization
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