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Motivation

� I havebeenworkingonbuildingSCTmod-
ules.

� I will be working on simulatingB meson
decays in ATLAS to determinehow fea-
siblethe observationof thosedecays will
be.
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� B 0(�bd) ! � + � � | allowedin the SM

B 0(�bd) ! e+ � � | leptonfamilynumber violatingdecay
B 0(�bd) ! � + � � | leptonfamilynumber violatingdecay

� This talk followsmy own attemptto understandthe theory that allowsfor thesedecays.
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... a bit of particle physics

Quarkscombineto form hadrons:

� Baryons: eitherqqq or �q�q�q
e.g. proton( uud) , neutron( udd)

� Mesons: �qq e.g. � + ; � � ; � 0, B 0
d (�bd) , B 0

s (�bs)

Experimentalparticle physicistscreateheavy, unstableparticlesin collidersand they decay via
strong,weak,or electromagneticdecays. Thereare rulesgoverningwhichdecayscanoccurand
the likelihood of suchdecaysoccurring.

TotalitarianPrinciple:Everyprocessthat is not forbiddenmustoccur.
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Conserved Quantities

Noether's Theorem: Whena physicalsystemis invariant undera continuoustransformation
thereexistsa conservedquantity.

� Continuous Symmetries:

{ time invariance! energyconservation

{ translationalinvariance! momentumconservation:

T = I � i
p
�h

:� r

p is the generator andhenceconserved

{ rotationalinvariance! angular momentumconservation

{ phaseinvarianceof L ! chargeconservation

� Discrete Symmetries:

{ chargeconjugation(C), parity (P), time reversal(T)
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Standard Mo del:

Some Conserved Quantum Numb ers
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Strong 3 3 3 3 3 3 3 3 3 3
Electromagnetic3 3 7 3 3 3 3 3 3 3
Weak 3 3 7 7 7 3 3 3 7 7

� Q is alwaysconserved

� J = L + S
total angular momentumis the sumof the orbital andspinangular momentum
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Baryon and Lepton Numb er

� B , baryon number. B ( q) = + 1
3 , B ( �q) = � 1

3
! mesons(q�q) B = 0
! baryons(qqq) B = +1 , anti-baryons(�q�q�q) B = � 1

neutrondecay: n ! pe� �� e

� L , lepton number. L ( l ) = +1 andL (�l ) = � 1
Leptonfamilynumber (LFN) is alsoconserved

muondecay : � � ! e� �� e � �

1 ! 0 + 0 + 1 : L �

0 ! 1 � 1 + 0 : L e

L e L � L �

e� ; � e +1 0 0
e+ ; �� e -1 0 0
� � ; � � 0 +1 0
� + ; �� � 0 -1 0
� � ; � � 0 0 +1
� + ; �� � 0 0 -1
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B and L Conservation

� � oscillationsviolateleptonfamilynumber andcanbe incorporatedinto the SMby a change
of basisbetweenweakandmasseigenstates:
j� l > =

P
i Ul i j� i > whereUl i is the neutrinomixingmatrix,

This is analogousto quark mixingviaCKM matrix

� ProtonDecay: p 6! e+ � 0 [experimentally:lifetime> 10 32 years]

� ( B � L ) conservedin someGUT

� No bosonin the SM couplesquarksandleptons

Noneof the followingoccur:
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q l
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C, P, & T Invariance

� C parity: exchangeof a particle with it's
antiparticle.
C = ( � 1) L + S

� 0 ! 
 
 ; � 0 6! 
 
 


� P parity: spaceinversion.
P = ( � 1) L +1

P ( q) = +1 , P ( �q) = � 1

�(4 S) ! B 0 �B 0

P (�(4 S)) = � 1 ! P ( B 0) = P ( �B 0) = � 1

P = � 1 ! P = PB P �B ( � 1) L = � 1 ! L = 1

� CP:

� CPviolation:testsviaB 0= �B 0 decay time

n

n n

nL

R R

L

P P

C

CP

C

� CPT invariance:if CP is violatedthenT mustbe also
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Strangeness and other Flavour Conservation

� Flavouris conservedin all decaysexceptweakdecays

� Isospinprojectionis equivalentto `up-ness'or `down-ness'

Q = � 1=3 Q = +2 =3
d I 3 = � 1=2 u I 3 = +1 =2
s S = � 1 c C = +1
b B = � 1 t T = +1

K 0 ! � + � � D + ! � + � 0

K 0 � �

� +
W +

d

(+ 1
3) �s

d

�u ( � 2
3 )

u

�d

W +

�d

D +

(+ 2
3) c

�d
� +

u

�d

� 0

d( � 1
3 )
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Flavour Changing Neutral Currents:
GIM Mechanism

� Mixingbetweenthe weakandmasseigenstates
- consider,for simplicity, the �rst two generations
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� c = Cabibboangle

�u0

u0

Z 0

�d0 = ( �dcos� c + �ssin� c)

d0 = ( dcos� c + ssin� c)

Z 0

�c0

c0

Z 0

�s0 = ( �scos� c � �dsin� c)

( s0 = scos� c � dsin� c)

Z 0

 �  / u�u + c�c + ( d �d + s�s) cos2� c + ( d �d + s�s) sin2� c

+( s �d + �sd � �sd � s �d) sin� ccos� c

� The last term= 0
) to �rst order(tree level)
avour changingneutralcurrentsare not allowed
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Extensions for B 0 decay

� Needto extendfrom
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c1 � s1c3 � s1s3
s1c2 c1c2c3 � s2s3ei� c1c2s3 + s2c3ei�

s1s2 c1s2c3 + c2s3ei� c1s2s3 � c2c3ei�

1

C
A

wheres1 = sin� 1; c1 = cos� 1, threeEulerangles( � 1; � 2; � 3) anda phase,�

CK M experimentalvalues V �

�
�
�
�
�
�
�

Vud = 0:975 Vus = 0:221 Vub = 0:004
Vcd = 0:221 Vcs = 0:974 Vcb = 0:04
Vtd = 0:01 Vts = 0:041 Vtb = 0:999

�
�
�
�
�
�
�

� The �rst order
avour changingcancellationstill occurs.We needsecondorderprocessesto
explain
avour changingneutralcurrents) the decaysare suppressed.
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Second Order B 0
d;s ! � + � � Decays

B 0

W �

u; c; t

W +

� �

d � �

�b � +

BR B 0
d ! � + � � B 0

s ! � + � �

SM theoretical 1:5 � 10 � 10 3:5 � 10 � 9

Experimentalupper limit < 6:1 � 10 � 7 < 2:0 � 10 � 6

� BR ( B 0
d ) / ( Vtd = 0:01) 2

� BR ( B 0
s ) / ( Vts = 0:041) 2

� Helicity meansthat BR ( B 0
d ! � + � � ) > BR ( B 0

d ! e+ e� ) ) O( m
E )

� B 0
s ! � + � � is expectedto havethe highestbranchingfraction
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Second Order Cancellation

� If the u; c quark massesare similar thenFCNCcancelat box diagramlevelalso

K 0 u

d cos� W �

�s sin� W +

K 0 c

d � sin� W �

�s cos� W +

 �  / ( du:u �s � dc:c�s) cos� sin�

� Themassdi�erencebetweenthe threeQ = + 2
3 quarks is large,

m( u) = 1:5M eV, m( c) = 1:3GeV , m( t) = 175 GeV ,

and
avour changingneutralcurrentsare predictedat box level.
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Second Order B 0
d;s ! � + � � Decays

B 0

W �

u; c; t

W +

� �

d � �

�b � +

BR B 0
d ! � + � � B 0

s ! � + � �

SM theoretical 1:5 � 10 � 10 3:5 � 10 � 9

Experimentalupper limit < 6:1 � 10 � 7 < 2:0 � 10 � 6

� BR ( B 0
d ) / ( Vtd = 0:01) 2

� BR ( B 0
s ) / ( Vts = 0:041) 2

� Helicity meansthat BR ( B 0
d ! � + � � ) > BR ( B 0

d ! e+ e� ) ) O( m
E )

� B 0
s ! � + � � is expectedto havethe highestbranchingfraction
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... more B 0
d;s ! � + � �

An increaseis the BR of this decay canbe explainedby variousmodels:

� two-Higgs-doublets(hep-ph/0004139):

) BR � 5 � 10 � 7
B 0

H �

u; c; t

H +

� �

d � �

�b � +

� Supersymmetry(hep-ph/9601225): ) BR � 2 � 10 � 8

� Z 0 mediated
avour changingneutralcurrents:Introducea newV4� 3 whichis not unitary,
andallowsfor FCNCat the treelevel) BR � 1:5 � 10 � 6

Y. Nir andD. J. Silverman,Phys.Rev.D 42 (1990)1477.



GOSS ConservedQuantitiesin the Standard Model 1 August2003

ATLAS Experiment

ATLASwill be a good
environmentfor the studyof
B 0 ! l+ l �

� 10 10 B mesonsin the �rst year
(Belleis currentlyproducing100milliona year, total to date= 150million)

� Belledoesn'tproduceB 0
s - ATLASwill

� Good momentumresolutionof e� and� �

� BR ( B 0
d ! � + � � ) > 3 � 10 � 10 95%CL

� BR ( B 0
s ! � + � � ) : 4.3� signalat the levelof SM predictions

� In the futureSuperKEKBcouldproduceB 0
s with � 5S decay, but with reducedrates


