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Abstract

The branching ratio forBs → `+`−γ mode is of same order asBs → `+`−, since there is no helicity
suppression.New Physicsbeyond Standard Model may affect these rates favourably for experimental
observation at LHC. Simultaneous measurement ofB(Bs → µ+µ−) andB(Bs → µ+µ−γ) at CMS
will indicate the nature of the interaction at play. A preliminary study ofBs → µ+µ−γ mode in CMS
experiment is reported here. Considering the background due to QCD events only we obtain an upper
limit on the branching ratio as2.08× 10−7 corresponding to a luminosity of 10 fb−1.



1 Introduction
The decayb → s`+`− is a flavour-changing-neutral-current (FCNC) process, where the flavour of the original
quark is changed but not the electric charge. There are other FCNC processes likeb → sγ andB0 − B̄0 mixing,
and similar situations in K- and D-meson systems, whose studies have led to important discoveries in the decades
of 1960s and ’70s.KL → µ+µ− decay was supposed to be of same order asK+ → µ+νµ but it was not
observed. This riddle was explained subsequently by GIM (Glashow-Illiapoulous-Maiani) mechanism, which
predicted no tree-level FCNC, for quarks belonging to weak isospin doublets. This idea was further strengthened
by the observation ofb → c`ν andb → u`ν and simultaneous negative search forb → s`+`− andb → d`+`−.
The study of FCNC also leads to the knowledge of potential existence and nature of new high mass particles, which
may not be produced at the laboratory directly, as was evident from the indication of existence of top mass from
the oscillation in B-meson system.

New Physicsbeyond Standard Model (SM) often leave their signature via quantum corrections manifesting in tiny
deviations from standard expectations and hence measurement of the rare branching ratios are always interesting.
Only high luminosity machines provide the opportunities to search for rare decays and hence probe physics of
much higher energy scale. At LHC many rare decay modes of B-meson systems will be studied to look for indirect
hints ofNew Physics[1].

The b → s`+`− transition is possible in SM via box and penguin diagrams as represented in Fig. 1. The purely
leptonic decays are helicity suppressed and hence the corresponding branching ratios are very small and is pro-
portional to the mass squared of the lepton. The rate ofBs → µ+µ− mode is also proportional to|Vts|2 whereas
Bd → µ+µ− mode is further suppressed by the factor of|Vtd/Vts|2 [2]. In the diagram, the other possibility where
γ or Z couple to the W in the loop rather than in the top, is not shown. In scenarios beyond SM, these diagrams
will have additional contributions from corresponding new particles as depicted in Fig. 2 where Supersymmetric
contribution to the box diagram and tree diagram in R-parity violating scenario is shown.The rate ofBs → µ+µ−

mode has a strong dependence on SUSY parameters, like,tanβ.

Now if there is an additional photon in the final state, there is no more helicity suppression and in fact in SM, the rate
is much higher than that without the photon. In SM, the rate of radiative decay for muon channel is slightly lower
than that of electron channel due to phase space effect. But in general,B(Bs → µ+µ−) ≤ B(Bs → µ+µ−γ) and
B(Bs → e+e−) ≤ B(Bs → e+e−γ). At present, the theoretical value forB(Bs → µ+µ−) is (3.86±0.15)×10−9

andB(Bs → e+e−) ∼ 7× 10−14. Current experimental upper limit onB(Bs → µ+µ−) andB(Bd → µ+µ−), at
95% CL, from CDF experiment are< 5.8× 10−8 and< 1.8× 10−8, respectively [3].

Theoretically, there are two methods to invokeNew Physicsin SM, model dependent or model-independent. In
the second approach, called theeffective Lagrangianmethod, the lagrangian corresponding toNew Physicscan be
expressed in terms of linear combinations of operators of dimension 6 or higher to take care of gauge invariance
and chiral nature of the fermions. Thus a set of generic parameters can be defined which describe in the most
general way the allowed forms ofB → l+l− decays. This approach has the virtue of imposing relations among
the many otherwise-arbitrary parameters, and allowing an a-priori estimate of the relative importance of different
contributions. Theoretically, the Lagrangian can be expressed in terms of 4effectiveterms which can lead to
various types of decays which are related to each other in SM:

• Semi-leptonic decay:B → (K,K∗)`+`−, measured branching ratio isO (10−7).

• Leptonic decay:Bs → `+`−, not yet seen.

• Leptonic-radiative decay:Bs → `+`−γ, not yet seen.

Thus, any violation of the relations dictated from SM will indicate New Physics beyond SM.

New Physics effects, depending on their nature enhance either one of these rates. Hence it is extremely important
that both the decays,Bs → µ+µ− andBs → µ+µ−γ are measured simultaneously with accuracy. If the nature
of the new physics interaction is of scalar/pseudo-scalar type, the rate ofBs → `+`− mode can be very high [4].
On the other hand, the tensor coupling can lead to a branching ratio forB(Bs → µ+µ−γ) ≥ 10−8, an order of
magnitude higher than SM prediction [5]. Due to experimental constraints on decays of typeB → (K,K∗)`+`−,
new physics, in the form of vector/axial-vector couplings cannot provide a large branching ratio for eitherBs →
µ+µ− orBs → µ+µ−γ decay channels [6].

Since CMS detector has very good detection and measurement capabilities for muons and photons, it will be
interesting to measure and compare the rates of the decaysBs → µ+µ− andBs → µ+µ−γ. Unlike the 2-body
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Figure 1: Standard Model box diagram and penguin diagram forBs → µ+µ− transition. The photon will be
radiated from any of the fermion legs.

Figure 2: Possible SuperSymmetry contribution forBs → µ+µ− transition to box diagram and tree diagram for
R-parity violating scenario. The photon will be radiated from any of the fermion legs.

decay ofBs → µ+µ−, the 3-body decay results in even softer spectrum for the final state particles which is a
deterrant. Hence, the QCD-background in the 3-body final state ofBs → µ+µ−γ pose even worse situation and
in this note we describe a first trial of the possibility of studying the channelBs → µ+µ−γ. At LHC, the b-quark
production rate is very large,∼ 500µb, and the probability of a b-quark to hadronize to aBs meson is∼ 10%.
Thus, with about 10 fb−1 of data, one expects to search for rare decays ofBs meson. In particular we expect
O(100) signal events of typeBs → µ+µ−γ to be produced and CMS should be able to observe a reasonable
fraction of those events. A straight forward analysis has been performed to study the actual situation with CMS
detector at LHC.

2 Signal and Background Simulation
The signal events with full detector simulation have been generated, using Pythia Generator, as a part of CSA07
exercise in CMSSW-1-6-7 version. Since Pythia does not have theBs → µ+µ−γ decay mode as default, the
parameters used for the geneartion of the mode are tabulated in Table 1. We study signal events from official
CSA07 data sample.

For optimum use of the computer resources, a filter, based on kinematic properties of the daughter particles, has
been put during the generation of events: PT of µ ≥ 2.5 GeV and| η |≤ 2.5
PT of γ ≥ 2.0 GeV and| η |≤ 2.7
In addition, we require that muons originate from the same vertex.
In total we have 68786 reconstructed events of the type Bs→ µµγ in the official CSA07 sample.
The generator level filter efficiency for the signal =1.3× 10−4

SM prediction for the Branching Fraction of Bs→ µµγ = 5× 10−9 [7]
So, the signal events corresponds to1900fb−1 luminosity.

The generator level selection affects the kinematics of the Bs events as seen in the plot Fig. 3. Due to the kinematic
constraints put on the decay product, the Bs particle with high transverse momentum produced in hard scattered
event is mostly populated in central region. The plots for the transverse momentum and pseudorapidity for the
daughter particles, muons and the photon are shown in Fig. 4 and Fig. 5 respectively.

The main background for theµ+µ−γ final state is posed by the QCD jet events where the muons mostly come
from heavy meson decays. The production rate for QCD jet events at LHC being exhorbitantly high, full detector
simulation of QCD events with significant statistics is not possible. Using Fast Simulation in CMSSW version
1-6-8, 1.7×1010 events were generated privately for QCD background study which correspond to a luminosity
0.31 pb−1. We apply kinematic criteria for dimuon and one photon in the event, similar to as applied for signal
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Table 1: The parameters defined in PYTHIA generator for producingBs → µµγ events.

MSEL=1 Includes all high PT QCD processes alongwith
the flavour excitation in the scattering ofb b̄ quark
by a gloun or a l ight quark.

MDME(953,2) =0 Partons and particles are copied directly to the
event record, with momentum distributed according
to phase Space for Bs toµµγ.

BRAT(953)=1 sets branching ratio of decay channel Bs→ µµγ
to unity.

KFDP(953,1)=13 mu+ as the one of the final product of Bs decay.

KFDP(953,3)=-13 mu− as one of the final product of Bs decay.

KFDP(953,3)=22 photon as one of the final product Bs decay

MDME(953,1)=1 switch on decay channel Bs→ µµγ

Figure 3:η vs PT distribution forBs candidates at generator level.
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Figure 4: Transverse momentum and pseudo-rapidity distributions of the Muon at the generator level in the process
Bs → µµγ. The histograms are normalized to unity.
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Figure 5: Transverse momentum and pseudo-rapidity distributions of the photons at the generator level for the
processBs → µµγ. The histograms are normalized to unity.
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events,
PT of µ ≥ 2.5 GeV and| η |≤ 2.5
PT of γ ≥ 2.0 GeV and| η |≤ 2.7
The generator efficiency with these kinematic requirements is 6.4×10−6

3 Analysis Objects
Standard reconstructed objects, obtained from CMS software (version 1-6-12) are used in the analysis.

• The standard collectionmuonswas used for the reconstructed muons.

• For photons we use standard collectionphotons.

• At LHC the rate of interaction being very high (∼ 109 Hz), online trigger conditions have to be applied
to reject the unwanted events (rate∼ 40 MHz). Due to technical limitations the rate for event writing is
required to be limited toO(100 Hz). At present CMS Trigger conditions were not implemented for the Fast
Simulation in the version CMSSW16X. So we have emulated the trigger condition during offline analysis as
explained below.

4 Selection of Events
• First of all we do the matching of the reconstructed muons and photons with the generated ones for the

signal events so as to pick the correct muon and photon candidates.. We calculate the distance inη − φ
space (∆R =

√
∆η2 + ∆φ2) between the reconstructed and the generated muons and photons. The∆R

distributions are shown in Fig. 6. For muons we take∆R ≤ 0.01 and for photon we take∆R ≤ 0.02 for
matching.

• We define trigger condition at offline analysis level as:
L1 Trigger : At least two muons in the event with PT ≥ 3.0 GeV and| η |≤ 2.5.
L2 Trigger : At least two muons in the event with PT ≥ 4.0 GeV,| η |≤ 2.5, product charge = -1 and Mµµ ≤
10.0 GeV.
High Level Trigger (HLT) : Two closest muons in the event withPT ≥ 4.0 GeV and| η |≤ 2.5, having
product charge= -1, should satisfy1 ≤Mµµ ≤ 6 GeV.

• Invariant mass distribution for the dimuon pair is plotted after HLT in Fig. 8. We put a mass veto cut here by
excluding events which have dimuon invariant mass in the range 2.95 GeV≤ Mµµ ≤ 3.25 GeV.

• Muon PT and|η| distributions for signal and background are shown in Fig. 7 after the events pass the above
trigger conditions.

After optimization both muons are required to have transverse momentumPµ
T ≥ 6.0 GeV.

• The PT and|η| distribution of the photon closest to the dimuon direction is shown in Fig. 9 after HLT for
both signal and QCD background. We put the selection cut as Pγ

T ≥ 6.0 GeV.

• The invariant mass of the muons and photon, surviving the above selections, is plotted in Fig. 10. In the
signal sample, there are large no. of events having high value of the invariant mass. This could be due to
combinatoric effects. We restrict ourselves toMµµγ ≤ 10 GeV and estimate the selection efficiency upto
this stage asεA.

We demand subsequently that the muons and the photon beisolatedand also they should originate from adisplaced
vertexcompared to the interaction/nominal vertex.

• We calculate the sum of transverse momenta of all tracks (excluding muon tracks) in the annulus region (0.5,
1.5) of dimuon direction for the signal and the background. This gives us a tool to quantify the isolation of
the muon pair from the background.
The distribution, drawn after the events HLT selection only, is shown in Fig. 11. The plots are normalized
to unity. For isolation we put a reasonably hard cut as sum PT of tracks to be less than 1.0 GeV. The
corresponding efficiency is referred to asεB .
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• We calculate variables related to primary and secondary vertex for the displaced dimuon. The two muons
are supposed to be coming from Bs which forms the secondary vertex. The flight length of the Bs candidate
provides a good handle against the combinatoric background . The Significance of the flight lengthlxy in
the transverse plane is defined aslxy/σxy. We also calculate theχ2 for the displaced dimuon vertex. The
variables are shown in Fig. 12. The plots are normalized to unity.

The quality of the secondary vertex fit is taken asχ2 ≤ 6 . We demand that 2-dimensional decay length
significancelxy/σxy ≥ 2.0 and the efficiency for this selection is referred to asεC .

• The distance between the dimuon and the photon direction is calculated inη-φ space (∆Rµµγ) and displayed
in Fig. 13. The plot is normalized to unity. We put the cut as∆Rµµγ ≤ 0.5 and the corresponding efficiency
for this selection is referred to asεD.

The relative efficiency for event selection for each criteria for the signal and background samples is provided in
Table 2. We refer the efficiency for basic selection asεA, that of dimuon isolation asεB, displaced dimuon asεC
and∆Rµµγ ≤ 0.5 criteria asεD.
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Figure 6: ∆R(=
√

∆η2 + ∆φ2) distribution between the reconstructed and the generated particle, left plot for
muons and right plot for photons.

The dimuon isolation, displaced dimuon veretex and∆Rµµγ parameters are uncorrelated to each other (Fig. 14).
So their efficiencies are calculated separately after applying the basic selections (upto the criteria ofMµµγ ≤ 10.0
GeV). The total efficiency is given by the product of individual efficiencies. Thus, for signal the efficiency upto
Mµµγ ≤ 10.0 GeV:

εs = 0.014

and for background (uptoMµµγ ≤ 10.0 GeV)

εbg = 7.3× 10−4

5 Results
After applying all the selection cuts upto Mµµγ ≤ 10.0 GeV there are 82 QCD events in the selected sample for the
mass range 0-10 GeV corresponding to a luminosity of 0.31 pb−1, which still have to be scaled for 10 fb−1. Thus,
for the actual QCD background, the event statistics will be very large even after the above selections. However, we
proceed to find the possibility of discriminating the signal against background using statistical method. In Fig. 15
we note that the QCD spectrum is a falling one in the range 2-8 GeV and hence we can estimate the background
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Figure 7: Transverse momentum (a) and pseudo-rapidity (b) distributions of the leading muon, after the event
passes through High Level Trigger, for signal and background distribution. The histograms are normalized to
unity.
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Figure 8: Invariant mass of the dimuon pair, after the event passes through High Level Trigger, for signal and
background distribution. The histograms are normalized to unity.
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Figure 9: Transverse momentum and pseudo-rapidity distributions of the leading photon which is closest to the
dimuon direction, after the event passes through High Level Trigger, for signal and background distribution. The
histograms are normalized to unity.

 [GeV]γµµM
0 10 20 30 40 50 60 70 80 90 100

N
o.

 o
f E

ve
nt

s

0

50

100

150

200

250

300

350

400

450

inv mass of mumugamma

a)

 [GeV]γµµM
0 10 20 30 40 50 60 70 80 90 100

N
o.

 o
f E

ve
nt

s

0

2

4

6

8

10

12

14

 inv mass of mu mu gamma after gmpt cut

b)

Figure 10: The invariant mass distribution ofµµγ system for the signal (a) and background (b)events before
isolation and secondary vertex requiremnets.
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Figure 11: The sum of the transverse momenta of the tracks other than muons in the annulus region (0.5,1.5) for
signal and background distribution. The histogram is normalized to unity.
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Figure 12: The normalizedχ2 for the displaced dimuon vertex and the Significance of the flight lengthlxy in the
transverse plane, between the primary and the secondary vertices. The histograms are normalized to unity.
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Figure 13: The distance between the dimuon and the photon direction for signal and background distribution. The
histogram is normalized to unity.
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Figure 14: The Significance of the flight lengthlxy, distance between the dimuon and the photon direction and the
sum of the transverse momenta of the tracks other than muons in the annulus region (0.5,1.5) are uncorrelated to
one other.
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Table 2: The relative efficiency at each step of event selection, for signal and QCD background events.

Selection Criteria Bs → µµγ QCD Background
No. of events left efficiency No. of events efficiency

Total No. of Events 68786 1.0 1.7×1010 (before filter) 1.0

Generated/Analyzed 111276(after filter) 6.6×10−6

L1 Trigger 15631 0.23(after matching) 30357 0.27 (No Matching)
L2 Trigger 11363 0.73 12924 0.42
HLT 10594 0.94 9355 0.72
J/ψ mass veto
(Mµµ ≤ 2.95 or
Mµµ ≥ 3.25 GeV)

9644 0.91 7001 0.74

Pµ
T ≥ 6.0 GeV 5205 0.54 2032 0.29

Pγ
T ≥ 6.0 GeV 1896 0.37 350 0.17

Mµµγ ≤ 10.0 GeV 931 0.5 82 0.23
Basic selection (εA) 0.014 7.3× 10−4

Dimuon isolation
(εB)

364 0.40 10 0.12

Displaced dimuon
vertex (εC)

811 0.89 48 0.58

∆Rµµγ ≤ 0.5 (εD) 242 0.26 15 0.18

rate with an exponentially falling spectrum. Therefore we fit it with exponential function for the mass range 2-8
GeV. The function is defined asf(x) = exp(y0 + y1 × x) wherey0 andy1 are constants.

After fitting we obtain the parameters of exponential function as:y0 = 2.322 ±0.312 andy1 =−0.4972 ±0.087.

As mentioned earlier, our main aim is to find the number of background events which are expected to be seen in
the signal mass-window of 5-6 GeV, since the mass of the Bs meson is 5.369 GeV. We calculate this number by
using the formula:

Nbkg = Nrange × (I1/I2)× εbkg × scale

where:
Nbkg = No. of background events expected in the signal mass window of 5-6 GeV after all cuts.
Nrange = No. of background events in the range 2-8 GeV after the basic kinematic selections, ie upto Mµµγ cut.
I1= integral of the functionf(x) = exp(y0 + y1 × x) in the region of (5,6) GeV
I2 = integral of the functionf(x) = exp(y0 + y1 × x) in the region of (2,8) GeV
εbkg = εB .εC .εD = product of the uncorrelated efficiencies for QCD background events for passing selection criteria
based on dimuon isolation, displaced dimuon and∆Rµµγ parameters.
scale = the scaling factor needed to account for the event statistics corresponding to a luminosity of 10 fb−1.

For the present study,
Nrange = 72, I1 = 0.64, I2 = 7.42, εbkg = 1.2×10−2 and scale = 32000. Thus

Nbkg = 1977± 81

Hence the number of QCD events expected to be selected after all the cuts from data corresponding to 10 fb−1

luminosity is about 1977.

The total signal efficiency after all the cuts starting from the L1 trigger and onwards for the mass window [5-6
GeV] is given as

εsig = εA.εB.εC.εD.εE
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Figure 15: Invariant mass distribution ofµ, µ andγ system in final selected sample for signal and background
events. Plots are for arbitrary statistics. Due to low statistics background spectrum is fitted with exponential curve
(See text for details).

whereεE = ratio of signal events for the mass window 5-6 GeV to the full mass range [0-10 GeV] = 0.75

Hence

εsig = 9.8× 10−4

The number of signal events surviving after all the cuts for the luminosity 10 fb−1

Nsig = 68786× εsig× scale factor for 10 fb−1 luminosity.

Now scaling factor = 0.0053
Thus in the mass window [5-6 GeV]

Nsig = 0.36

Now 90% Confidence Level (CL) Upper Limit (UL) on the branching fraction is given by:

BUL = NUL/(εsig × εgen ×NBs)

where:
NUL = Upper limit on the number of signal events obtained as the mean of the Poisson variable at 90% CL. This
is calculated using TRolke method in Root package.
εsig = signal efficiency after all the cuts for the mass window of 5-6 GeV =9.8×10−4

εgen = Kinematic acceptance that the producedB0
s meson decays into dimuon and photon according to generator

level cuts = 0.41
NBs = expected number of Bs events in luminosityL = 10 fb−1.

NBs = σbb̄ × L× fs × 2

whereσbb = bb̄ production cross section =500 µb. andfs= probability of ab or b̄ to hadronise to aBs meson = 0.1
ThusNBs = 1012.

Therefore we obtain

NUL = 83.7

Thus at 90% CL, we get an upper limit on the Branching ratio ofB(Bs → µ+µ−γ) as

BUL = 2.08× 10−7
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6 Summary
A simple cut-based study has been made to estimate CMS potential for observing the rare decay modeBs → µµγ
with an integrated luminosity of 10 fb−1. We expect to obtain an upper limit on the branching ratio as2.08×10−7.
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