
Search for the rare                     decay	


at the BABAR experiment

BRIEF ARTICLE

THE AUTHOR

B� ! ⇤p̄⌫⌫̄

1

Robert Seddon	


McGill University	


!
!
Canadian Association of 
Physicists Congress	


Sudbury, 16 June 2014

Incorporation of 
unit names in 
the Signature
The names of faculties, depart-
ments, and other units of the
University may be used with
the University signature in the
manner shown in the examples.
These additional elements must
be set in the typeface Univers
bold.  ICC will prepare the
appropriate texts upon request.

The Wordmark
The wordmark is “McGill”
printed in a custom- designed
font which takes its origin from
Garamond. Samples of the
wordmark are readily available
from the Instructional
Communications Centre (ICC)
and other typefaces may not be 

substituted.  It is not possible to
reproduce the wordmark with
standard printing fonts.

If the word “McGill” appears
alone, that is, if it is not part of
a text, it must be printed as the
wordmark.

The Signature
McGill’s signature consists of
two elements:
• the shield 
• the wordmark. 
For printed documents intended
for dissemination outside the 

University it is required that
the full signature be used.  For
internal use, in some instances
the shield may  be preferred to
the signature.

Dimensions and 
clear space
The shield and wordmark shall
be reproduced in the relative
dimensions shown here.  The
signature shall be surrounded
by the recommended minimum
clear space to separate it from
other text and graphic ele-
ments. The minimum shield
width is .25".

A minimum margin of clear
space must be left around the
shield and/or the wordmark that
is equal to one-half the width of
the shield or equal to the width
of the gap in the top of the 
letter M.

4



CAP Congress,  16 June 2014                    Robert Seddon, McGill University /132

Outline	


•The BaBar experiment	


•	

 	

 	

 - theory and motivation	


•Analysis method - hadronic tag reconstruction	


•Analysis method - signal selection	


•Preliminary results	


•Conclusion and next steps
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The BABAR experiment - PEP-II collider

PEP-II: Located at the SLAC National Accelerator Laboratory, California. Provides electrons and 
positrons for collision inside BABAR detector.

•High energy ring - 9.0 GeV electrons	


•Low energy ring - 3.1 GeV positrons	


!
•Collide at CoM energy 10.58 GeV  - mass 
of the Υ(4S) resonance (    quark-antiquark 
pair)	


!
•Υ(4S) decays 96% to       (           or          ) 
- “B factory”.
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•BABAR collected data from 1999 to 2008	


•Produced 471 million       pairs	


•429 fb-1 integrated luminosity at Υ(4S) resonance
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The BABAR experiment - detector

2/23/12 Racha Cheaib, McGill University 24 Canadian groups: U. Victoria, UBC, U. de Montréal, McGill U.
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FIG. 1. Contributions to the B− → Λp̄νν̄ decay from (a) penguin and (b) box diagrams.

the B̄ → BB̄′ transitions in [18–24] can be reliably adopted, as the theoretical studies of

B(B̄ → ΛΛ̄K̄) [22], B(B̄0 → ΛΛ̄D0) and B(B− → Λp̄D(∗)0) [23] relating the B̄ → BB̄′

transitions are approved to agree with the data [25, 26]. In addition, with the B− → pp̄

transition, the CP violation for B− → pp̄K∗− [24] is found to be nearly 20% of the world

average [27, 28] even though it is still inconclusive experimentally due to the data errors.

The paper is organized as follows. In Sec. II, we provide the formalism, which involves the

decay amplitude and rate of B− → Λp̄νν̄ based on the form factors in the parameterizations

for the matrix elements of the B̄ → BB̄′ transitions. We give our numerical results and

discussions in Sec. III. In Sec. IV, we present the conclusions.

II. FORMALISM

The effective Hamiltonian for the inclusive mode of b → sνℓν̄ℓ is given by [29]

H(b → sνℓν̄ℓ) =
GF√
2

αem

2πsin2θW
λtD(xt)s̄γµ(1− γ5)bν̄ℓγ

µ(1− γ5)νℓ , (1)

with λt = V ∗
tsVtb, xt ≡ m2

t/m
2
W , and νℓ = νe or νµ or ντ , where D(xt) is the top-quark loop

function [30, 31]. From Fig. 1, via the effective Hamiltonian in Eq. (1) the amplitude of

B− → Λp̄ νℓν̄ℓ can be factorized as

A(B− → Λp̄νℓν̄ℓ) =
GF√
2

αem

2πsin2θW
λtD(xt)⟨Λp̄|s̄γµ(1− γ5)b|B−⟩ ν̄ℓγµ(1− γ5)νℓ , (2)

where the explicit form of the matrix element for B− → Λp̄ depends on the parameterization,

which has been studied in three-body baryonic B̄ decays. With Lorentz invariance, the most

general forms of the B̄ → BB̄′ transition form factors are given by [23]

⟨BB̄′|q̄′γµb|B̄⟩ = iū(pB)[g1γµ + g2iσµνp
ν + g3pµ + g4qµ + g5(pB̄′ − pB)µ]γ5v(pB̄′),

⟨BB̄′|q̄′γµγ5b|B̄⟩ = iū(pB)[f1γµ + f2iσµνp
ν + f3pµ + f4qµ + f5(pB̄′ − pB)µ]v(pB̄′), (3)

3

C.Q. Geng, Y.K. Hsiao.	
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Predict                       = (7.9 ± 1.9) x 10-7
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(63.9 ± 0.5)%

•Rare decay (suppressed by the standard model)	


•New physics potentially hiding in loops - will affect 
branching fraction	


•Amenable to further study: angular asymmetries,	


T-odd observables etc.
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Measured: <3.7 x 10-5	


Predicted: (4.5 ± 0.7) x 10-6	



Phys. Rev. D 87 (2013) 112005

- details and motivation
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Analysis method - hadronic Btag reconstruction

Btag	


Exclusively reconstruct from known 
hadronic decays.	


Require:	



•one Btag	


•mass consistent with B meson	


•charge is opposite that of Bsig daughters	
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(63.9 ± 0.5)%

July 6, 2012 Rare and forbidden B decays with BABAR             Steven Robertson 2

Outline
Recent BABAR results of searches for 
the rare or forbidden decays:

! B+ ! h- "+ "+    
! B+ ! h+ #+ "-   
! B0 !  $ $ (%)  (i.e. invisible final states) 

BABAR
data sample of
~470 million
!(4S) "BB events

e+e-  collisions at CM energy of  ~10.58 GeV

h = K, &  
! = e, µ

Hadronic tag reconstruction

Btag
Exclusively reconstruct
Require:

•one Btag

•mass consistent with B meson
•charge is opposite that of Bsig daughters
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Use a signal Monte Carlo sample based 
on phase space model. Mode no. 11483

Bsig
Cut on:

•number of charged tracks not in Btag

•charge of Bsig daughters
•missing energy (from      )
•       four vectors give    mass
•other PID criteria
•Eextra should be small
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Robert Seddon | BABAR Collaboration Meeting, 13 May 2013

hadrons

Advantages:	


•Completely separates Btag from Bsig	


•Fully determines kinematics of Bsig	


•Missing energy and all other particles 
assigned to Bsig	


•Eliminates background	


!
Disadvantages:	


•Low efficiency

Bsig	


Everything else in the event, including 
missing energy, that isn’t assigned to 
the Btag is assumed to come from the 
Bsig	
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•Use Monte Carlo data and detector simulation to perform analysis.	


•Signal Monte Carlo weighted to match theoretically-predicted phase space constraints.
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4.4.3 Delta E551

The ∆E value for a Btag candidate, as defined in Equation (12), should peak at 0 for correctly552

reconstructed events. The step-like pattern shown in Figure 12a is due to the various ∆E require-553

ments for different Btag modes in the “BestB” selection [25]. These steps make it difficult to apply554

a tighter requirement on ∆E without affecting certain modes more than othes. We have found that555

it does not increase the significance to tighten these requirements.
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Figure 12: ∆E, as given by (12), of the signal MC, data, and generic background MC samples (a)
after reconstruction and (b) after the full signal selection.

556

4.4.4 Continuum Likelihood557

Figure 13: Cartoon of (a) BB decays and (b) continuum decays, with the green dotted lines
representing the thrust axes.

To further remove continuum events and achieve a higher purity of B-mesons, we use a mul-558

tivariate likelihood which is determined from six event-shape variables: R2All, cos θThrust, Thrust559

Magnitude, Thrustz, cos θB, and cos θpmiss. When a BB pair is produced from the Υ (4S) reso-560

nance, the two particles are almost at rest, only having about 350 MeV/c in momentum due to561

their large mass. Therefore, they tend to decay with a spherically symmetric topology in the Υ (4S)562

rest-frame, as depicted in Figure 13. On the other hand, continuum events, involving the decays563

of lighter qq and τ+τ− particles, are produced with high momentum and therefore tend to have564

more jet-like decays with a strongly preferred direction characterizing the event. R2All, the ratio565

of the 2nd to the 0th Fox-Wolfram moments using all charged and neutral particles in an event,566

quantifies the collimation, or “jettiness,” of an event topology. Ranging between 0 and 1, an R2All567

value closer to 0 indicates a more spherical event. Thus, as seen in Figure 14a, BB events tend to568

have lower values of R2All than continuum events.569

After reconstruction, the thrust axis of the Btag and of the remaining particles making up570

the Bsig are determined. A thrust axis is defined as the axis which maximizes the sum of the571

31
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reconstructed events. The step-like pattern shown in Figure 12a is due to the various ∆E require-553

ments for different Btag modes in the “BestB” selection [25]. These steps make it difficult to apply554

a tighter requirement on ∆E without affecting certain modes more than othes. We have found that555

it does not increase the significance to tighten these requirements.
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Figure 12: ∆E, as given by (12), of the signal MC, data, and generic background MC samples (a)
after reconstruction and (b) after the full signal selection.

556

4.4.4 Continuum Likelihood557

Figure 13: Cartoon of (a) BB decays and (b) continuum decays, with the green dotted lines
representing the thrust axes.

To further remove continuum events and achieve a higher purity of B-mesons, we use a mul-558

tivariate likelihood which is determined from six event-shape variables: R2All, cos θThrust, Thrust559

Magnitude, Thrustz, cos θB, and cos θpmiss. When a BB pair is produced from the Υ (4S) reso-560

nance, the two particles are almost at rest, only having about 350 MeV/c in momentum due to561

their large mass. Therefore, they tend to decay with a spherically symmetric topology in the Υ (4S)562

rest-frame, as depicted in Figure 13. On the other hand, continuum events, involving the decays563

of lighter qq and τ+τ− particles, are produced with high momentum and therefore tend to have564

more jet-like decays with a strongly preferred direction characterizing the event. R2All, the ratio565

of the 2nd to the 0th Fox-Wolfram moments using all charged and neutral particles in an event,566

quantifies the collimation, or “jettiness,” of an event topology. Ranging between 0 and 1, an R2All567

value closer to 0 indicates a more spherical event. Thus, as seen in Figure 14a, BB events tend to568

have lower values of R2All than continuum events.569

After reconstruction, the thrust axis of the Btag and of the remaining particles making up570

the Bsig are determined. A thrust axis is defined as the axis which maximizes the sum of the571
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Analysis method - extra energy
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- details and motivation
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FIG. 1. Contributions to the B− → Λp̄νν̄ decay from (a) penguin and (b) box diagrams.

the B̄ → BB̄′ transitions in [18–24] can be reliably adopted, as the theoretical studies of

B(B̄ → ΛΛ̄K̄) [22], B(B̄0 → ΛΛ̄D0) and B(B− → Λp̄D(∗)0) [23] relating the B̄ → BB̄′

transitions are approved to agree with the data [25, 26]. In addition, with the B− → pp̄

transition, the CP violation for B− → pp̄K∗− [24] is found to be nearly 20% of the world

average [27, 28] even though it is still inconclusive experimentally due to the data errors.

The paper is organized as follows. In Sec. II, we provide the formalism, which involves the

decay amplitude and rate of B− → Λp̄νν̄ based on the form factors in the parameterizations

for the matrix elements of the B̄ → BB̄′ transitions. We give our numerical results and

discussions in Sec. III. In Sec. IV, we present the conclusions.

II. FORMALISM

The effective Hamiltonian for the inclusive mode of b → sνℓν̄ℓ is given by [29]

H(b → sνℓν̄ℓ) =
GF√
2

αem

2πsin2θW
λtD(xt)s̄γµ(1− γ5)bν̄ℓγ

µ(1− γ5)νℓ , (1)

with λt = V ∗
tsVtb, xt ≡ m2

t/m
2
W , and νℓ = νe or νµ or ντ , where D(xt) is the top-quark loop

function [30, 31]. From Fig. 1, via the effective Hamiltonian in Eq. (1) the amplitude of

B− → Λp̄ νℓν̄ℓ can be factorized as

A(B− → Λp̄νℓν̄ℓ) =
GF√
2

αem

2πsin2θW
λtD(xt)⟨Λp̄|s̄γµ(1− γ5)b|B−⟩ ν̄ℓγµ(1− γ5)νℓ , (2)

where the explicit form of the matrix element for B− → Λp̄ depends on the parameterization,

which has been studied in three-body baryonic B̄ decays. With Lorentz invariance, the most

general forms of the B̄ → BB̄′ transition form factors are given by [23]

⟨BB̄′|q̄′γµb|B̄⟩ = iū(pB)[g1γµ + g2iσµνp
ν + g3pµ + g4qµ + g5(pB̄′ − pB)µ]γ5v(pB̄′),

⟨BB̄′|q̄′γµγ5b|B̄⟩ = iū(pB)[f1γµ + f2iσµνp
ν + f3pµ + f4qµ + f5(pB̄′ − pB)µ]v(pB̄′), (3)

3
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SM prediction (4.5 ± 0.7) x 10-6

Exp. upper bound 14 x 10-6

•Rare decay (suppressed by the standard model)
•Allows us to search for new physics/test the SM
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Analysis method - distance of closest approach
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!
Lowest DOCA  - proton from B	


Middle DOCA - proton from lambda	


Highest DOCA - pion
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ū ū

s
Λ

p̄

u
d
d̄
ū
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FIG. 1. Contributions to the B− → Λp̄νν̄ decay from (a) penguin and (b) box diagrams.

the B̄ → BB̄′ transitions in [18–24] can be reliably adopted, as the theoretical studies of

B(B̄ → ΛΛ̄K̄) [22], B(B̄0 → ΛΛ̄D0) and B(B− → Λp̄D(∗)0) [23] relating the B̄ → BB̄′

transitions are approved to agree with the data [25, 26]. In addition, with the B− → pp̄

transition, the CP violation for B− → pp̄K∗− [24] is found to be nearly 20% of the world

average [27, 28] even though it is still inconclusive experimentally due to the data errors.

The paper is organized as follows. In Sec. II, we provide the formalism, which involves the

decay amplitude and rate of B− → Λp̄νν̄ based on the form factors in the parameterizations

for the matrix elements of the B̄ → BB̄′ transitions. We give our numerical results and

discussions in Sec. III. In Sec. IV, we present the conclusions.

II. FORMALISM

The effective Hamiltonian for the inclusive mode of b → sνℓν̄ℓ is given by [29]

H(b → sνℓν̄ℓ) =
GF√
2

αem

2πsin2θW
λtD(xt)s̄γµ(1− γ5)bν̄ℓγ

µ(1− γ5)νℓ , (1)

with λt = V ∗
tsVtb, xt ≡ m2

t/m
2
W , and νℓ = νe or νµ or ντ , where D(xt) is the top-quark loop

function [30, 31]. From Fig. 1, via the effective Hamiltonian in Eq. (1) the amplitude of

B− → Λp̄ νℓν̄ℓ can be factorized as

A(B− → Λp̄νℓν̄ℓ) =
GF√
2

αem

2πsin2θW
λtD(xt)⟨Λp̄|s̄γµ(1− γ5)b|B−⟩ ν̄ℓγµ(1− γ5)νℓ , (2)

where the explicit form of the matrix element for B− → Λp̄ depends on the parameterization,

which has been studied in three-body baryonic B̄ decays. With Lorentz invariance, the most

general forms of the B̄ → BB̄′ transition form factors are given by [23]

⟨BB̄′|q̄′γµb|B̄⟩ = iū(pB)[g1γµ + g2iσµνp
ν + g3pµ + g4qµ + g5(pB̄′ − pB)µ]γ5v(pB̄′),

⟨BB̄′|q̄′γµγ5b|B̄⟩ = iū(pB)[f1γµ + f2iσµνp
ν + f3pµ + f4qµ + f5(pB̄′ − pB)µ]v(pB̄′), (3)
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Signal selection - preliminary results
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Expect branching fraction upper 
limit on the order of <10-5.
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~7 background events	


~0.04% signal efficiency
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Conclusion	


•Searching for new physics in form of                   decay - never 
been experimentally measured before	


•Rare decay - good probe to test for new physics	



!

Next steps	


•Finalise optimisation of signal selection cuts	


•Quantify systematic errors	


•Unblind data	


•Measure branching fraction limit	


•Publish
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