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In the first lecture we discussed the CKM mechanism and how its parameters can
experimentally be measured. Today we will continue with an introduction of the LHCb
experiment, and how branching ratios can be measured at hadron colliders.

3 The LHCb experiment

The 4 major experiments located at the Large Hadron Collider (LHC) at CERN, ATLAS,
CMS, ALICE, and LHCb, fulfil different purposes. While ATLAS and CMS are so-called
general purpose detectors, ALICE is specialised in recording Heavy Ion collisions. The
LHCb experiment is designed to detect decays of beauty- and charm-hadrons.

Figure 1: Schematic view of the Large Hadron Collider

The LHCb detector, shown in fig. 2, is build in forward direction, covering an angular
acceptance of 10 to 400 mrad. This design exploits the fact that beauty- and charm-hadrons
are typically strongly boosted along the beam direction due to their small mass.

The LHCb experiment records about 1012 bb̄ pairs per year, and about 20 times as
many cc̄ pairs, and thus has the largest dataset of h

¯
adron decays ever collected, making
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Figure 2: The LHCb detector

statistically precise measurements possible.
Features that make precision Physics possible are the excellent momentum resolution
of < 1%, high vertex resolution due to the Vertex Locator (VeLo), and good particle
identification by the Ring Imaging CHerenkov detectors (RICH).

4 Branching ratio measurements at hadron colliders

4.1 How to measure a branching ratio?

In the last lecture we already treated the general way to measure the branching ratio of a
certain decay mode:

B(B → sig) =
NB→sig

NB,produced

=
NB→sig,measured

NB,produced

· 1

εsig,meas.

. (1)

While at the discussed B-factories the number of originally produced b hadrons
NB,produced is very precisely known, this is much harder at a hadron collider, where the
initial state of the collision is unknown. It can however be calculated via

NBq ,produced = σ(pp→ bb̄) · fq · L, (2)

where q indicates the flavour of the b hadron (i.e. B+, B0, B0
s , B+

c ), σ(pp → bb̄) is
the cross section of creating a bb̄ pair from a proton-proton collision, fq the fraction of
b quarks hadronising to the respective b hadron, and L the luminosity. Individually, all
these parameters have measurement uncertainties of 5 − 10%, which would make this
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approach of calculating the branching ratio rather unprecise.
Instead, relative branching ratios are measured, using a so-called normalisation mode with
a well-known branching ratio. This relative branching ratio is calculated as

B(Bq → sig)

B(Bq′ → norm)
=

NBq→sig,measured

NBq′→norm,measured

εnorm,meas.

εsig,meas.

fq′
fq
, (3)

where we assume the general case, where normalisation and signal decay don’t neces-
sarily originate from the same b hadron flavour. Due to this relative measurement, a lot
of systematic uncertainties, e.g. in the efficiency determination, are cancelled.
In the remainder of today’s lecture, we will discuss how the ingredients to this calculations
are determined on the example of the decay modes B0

(s) → µ+µ−.

4.2 B0
(s) → µ+µ− at LHCb

Figure 3: Feynman diagrams connected to the decays B0
(s) → µ+µ−, including possible New

Physics contributions [1]

The decays B0
(s) → µ+µ− can happen in the Standard Model only through loop or

box diagrams, as shown in fig. 3. Due to GIM-like suppression, the Standard Model
branching ratios are of the order 10−9, making these processes very sensitive to New
Physics contributions in the loop.
Experimentally, the clean signature of two muons is easy to detect. However, due to the
low branching ratio, the event selection has to be evaluated carefully, to protect from
mis-identifaction backgrounds.
The normalisation modes used for this measurement are B+ → J/ψK+ and B0

s → K+π−,
where the latter mode is used as an additional cross check. In the following, we will discuss
the candidate selection, the determination of the relative efficiencies, and the extraction of
the signal and normalisation yields.
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4.2.1 Event selection

As mentioned above, the signal branching ratio is extremely small. Due to that there are
significant influences from mis-identified background sources (such as B0

(s) → h+h−, where

both hadrons are mis-identified as muons) and continuum backgrounds (from random
two-muon combinations). Especially important are the requirements on the particle
identification variables, as they reject the Physics background from mis-identified particles.
Figure 4 shows the mis-identification rate for pions and kaons as muons, respectively. As
the branching ratios of B0

(s) → h+h− are many orders of magnitude higher than the signal
decays, even small percentages can lead to significant polution of the signal.

Figure 4: Mis-identifaction rates of pions and kaons as muons.

Tight requirements are set on signal candidates, shown in fig. 5, which reduces
background contributions significantly, while keeping a significant part of the signal (about
6%). In addition to that, the selection used for the normalisation modes is shown.

To reduce combinatorial background further a multivariate analysis in form of a Boosted
Decision Tree (BDT) is applied. The set of input variables used by this BDT are shown
in fig. 6, along with short explanations of their meaning. With the full selection applied,
38/4 signal candidates are expected for B0

s/B
0 → µ+µ− decays in the run I data set of

LHCb.

4.2.2 Relative efficiencies

The relative measurement efficiencies for signal and normalisation modes can be factorised
into

εnorm
εsig

=
εaccnorm

εaccsig

· ε
sel&rec|acc
norm

ε
sel&rec|acc
sig

· ε
trig|sel
norm

ε
trig|sel
sig

, (4)

where εacc is the efficiency to have the decay products entering LHCb acceptance,
εsel&rec|acc the efficiency to reconstruct and select (with the given selection) the candidate
when in acceptance, and εtrig|sel the efficiency to trigger such an event. There are different
approaches on how these efficiencies can be measured.
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Figure 5: Cuts applied to select B0
(s) → µ+µ− and normalisation candidates.

• As there is no data-driven way to determine how many events happen outside the
acceptance of the detector, εacc is taken strictly from simulation. This of course
introduces a certain model dependency, which is usually evaluated as a systematic
uncertainty.

• Selection and reconstruction efficiencies are usually determined using simulation
as well, however, these are corrected in data-driven ways to account for known
differences between data and simulation. As an example, the track reconstruction
efficiencies are evaluated using tag-and-probe J/ψ → µ+µ− events. These are both
determined for data and simulation, which provides correction factors depending on
the track kinematics, as shown in fig. 7. In similar ways, PID, track resolution, and
multiple other parameters are corrected.

• The trigger efficiency can be determined data-driven using the so-called TISTOS
technique [2], which will not be elaborated upon further.

4.2.3 Yield extraction

With the full selection applied, the yields for both signal and normalisation modes are
determined from fits to the invariant masses of the decay products. Figure 8 shows the fits
for both normalisation modes. One can see that the B+ → J/ψK+ is much cleaner, which
is the reason it gives the more precise normalisation. The fit to the µ+µ− masses are shown
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Figure 6: BDT input variables.

Figure 7: Tracking efficiency correction table for data/simulation discrepancies.

in fig. 9. Both signal modes are clearly showing distinct peaks, but also contributions from
other decay modes, which are part of the fit model: the magenta line shows mis-identified
B0

(s) → h+h− decays, the black dotted line B0
(s) → π−/K−µ+ν decays, and the light blue
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curve B0/+ → π0/+µ+µ− decays. As expected, very few signal events are left after the
selection.

Figure 8: Mass fits to the K+µ+µ− and K+/−π−/+ invariant masses.

4.3 Results

The branching ratios calculated from the measurements for the two signal modes are [3]

B(B0
s → µ+µ−) = (2.9+1.1

−1.0(stat)+0.3
−0.1(sys)) · 10−9 (5)

and
B(B0 → µ+µ−) = (3.7+2.4

−2.1(stat)+0.6
−0.4(sys)) · 10−10, (6)

which are compatible with the Standard Model predictions of

B(B0
s → µ+µ−) = (3.35± 0.28) · 10−9 (7)

and
B(B0 → µ+µ−) = (1.07± 0.05) · 10−10. (8)
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Figure 9: Mass fits to the µ+µ− invariant mass.

Together with the CMS collaboration a combined analysis [1] was done, which is
much more complicated due to the different datasets. Figure 10 shows the result of this
measurement. Here a clear access of more than 2 standard deviations was observed for the
B0 → µ+ µ− decay. A lot of speculation of New Physics models has been discussed since
then. However, only the larger data set of run II data of the LHC will help to resolve this
issue.

Figure 10: Certainty levels of branching ratio results in the combination of LHCb and CMS data.
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