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( Lecture Outline )

® Lecture 1

- Introduction: Heavy Quarks
- B Hadron Producers
- Features of B Physics

- B Hadron Properties "God doesn't play dice with the universe."
- B Lifetimes (Albert Einstein)

® Lecture 2
- B, meson oscillations

- CP Violation in B system

- Selected B Physics results

"If only god would give me some clear sign!
Like making a large deposit
in my name at a Swiss bank."
(Woody Allen)
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B Meson Oscillations
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Particle-Antiparticle Oscillations )

e Established phenomenon in

PHYSICAL REVIEW

neutral kaon system —
® Basics of QM of particle

oscillations given by
ammonia molecule in
Feynman Lectures

LECTURES ON

PHYSICS

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

M. Gell-Mann & A. Pais,

Phys. Rev., 97, 1387 (1955)

VOLUME 97, NUMBER 5§ MARCH

> Behavior of Neutral Particles under Charge Conjugation

M. GELL-MANN,* Department of Physics, Columbia University, New York, New York

AND

A. Pars, Institute for Advanced Study, Princeton, New Jersey

(Received November 1, 1954)
—

Some properﬁes'are discussed of the ¢, a heavy hoson that is known to decay by the process #—r*+x~,
According to certain schemes proposed for the interpretation of hyperons and K particles, the §° possesses an

antiparticle § distinct from itself, Some theoretical implications of this situation are discussed with special
reference to charge conjugation invariance. The application of such invariance in familiar instances is
surveyed in Sec. I. It is then shown in Sec. II that, within the framework of the tentative schemes under
consideration, the 8 must be considered as a “particle mixture” exhibiting two distinct lifetimes, that each
lifetime is associated with a different set of decay modes, and that no more than half of all #’s undergo the
familiar decay into two pions. Some experimental consequences of this picture are mentioned.

8-6 The ammonia molecule

We want now to show you how the dynamical equation of quantum mechanics
can be used to describe a particular physical circumstance. We have picked an
interesting but simple example in which, by making some reasonable guesses about
the Hamiltonian, we can work out some important—and even practical—results.
We are going to take a situation describable by two states: the ammonia molecule.

The ammonia molecule has one nitrogen atom and three hydrogen atoms
located in a plane below the nitrogen so that the molecule has the form of a pyramid,
as drawn in Fig. 8-1(a). Now this molecule, like any other, has an infinite number
of states. It can spin around any possible axis; it can be moving in any direction;
it can be vibrating inside, and so on, and so on. It is, therefore, not a two-state
system at all. But we want to make an approximation that all other states remain
fixed, because they don’t enter into what we are concerned with at the moment.
We will consider only that the molecule is spinning around its axis of symmetry
(as shown in the figure), that it has zero translational momentum, and that it is
vibrating as little as possible. That specifies all conditions except one: there are still
the two possible positions for the nitrogen atom—the nitrogen may be on one side
of the plane of hydrogen atoms or on the other, as shown in Fig. 8-1(a) and (b).
So we will discuss the molecule as though it were a two-state system. We mean
that there are only two states we are going to really worry about, all other things
being assumed to stay put. You see, even if we know that it is spinning with a
certain angular momentum around the axis and that it is moving with a certain
momentum and vibrating in a definite way, there are still two possible states. We
will say that the molecule is in the state | 7) when the nitrogen is “up,” as in
Fig. 8~1(a), and is in the state | 2) when the nitrogen is “down,” as in (b). Thestates
| I) and | 2) will be taken as the set of base states for our analysis of the behavior
of the ammonia molecule. At any moment, the actual state | ¢) of the molecule
can be represented by giving C; = (I | ¢), the amplitude to be in state | I}, and
C, = (2|¢), the amplitude to be in state | 2). Then, using Eq. (8.8) we can
write the state vector | ¢) as

[¥) = [IXI |} + [ 2)21¥)

< |¥) = DC1 + | 2)Cs. (8.44)

Now the interesting thing is that if the molecule is known to be in some state
at some instant, it will not be in the same state a little while Jater. The two
C-coefficients will be changing with time according to the equations (8.43)—which
hold for any two-state system. Suppose, for example, that you had made some
observation—or had made some selection of the molecules—so that you know
that the molecule is initially in the state | I). At some later time, there is some
chance that it will be found in state | 2). To find out what this chance is, we have
to solve the differential equation which tells us how the amplitudes change with time.

8-11

or

1>

| 2>

(b) N

Fig. 8-1. Two equivalent geometric
arrangements of the ammonia molecule.
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(Oscillations in Quantum Mechanics)

Remember: Ammonia Molecule : 1100

Two state quantum mechanical system:

|1) = |N above plane)
|2) = |N below plane)

- (AP A2)) 5 L [Eo O
H = o) <2|I%‘r|2>) H"(O Eu)

Energy eigenstates: E, =E,=E, (stationary states)

Allow tunneling between potential barrier of H-atoms: H — ( El;l _El)
— 0

Energy eigenvalues: E,+ A, E;-A

Energy eigenstates: |I): E; = FEy — A 1I) : Err = Eg+ A
) =1/v2(]1) +12)) 1) = 1/v2(|1) — [2))
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(Oscillations in Quantum Mechanics)

Existence of tunneling has split energy eigenstates of NH,
Note: Neither in |ICnor |[ILJ Nis above nor below plane but in superposition

D=L+ L2 D= 11— L2

1) = LD+ LI |2)

Time dependence:

S ]

—¢H 1 1
BO) = 11) = [$@) = e o + ) =
e~ H(Eo—A)t/h e—i(Eot+A)t/h
e—?:Eot/ﬁ - '
— 5 _e+zAt/h (|1> + |2)) + e—zAt/h (|1> B |2))] _
e—iFot/h | | |
= 5 (e+zAt/h 4+ e—r,At/ﬁ) 11) + (e+zAt/ﬁ _ e—zAt/h) |2>] _
B e—iEot/h '2 At 1) + 2ési At 2)
= 5 | cos — tsin —

Probability to find | (t) Oas |10:

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12
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( B Meson Oscillations )

Ammonia: Two energy eigenstates which are superpositions of |10and |21
=L+ 5)2) [ =% 1) - L2)

B anti-particle
System of neutral B mesons |B") = |bd) |B0) — |bd) ™ (anti-matter)

2 (energy-) mass eigenstates: |By) = \1/— |B®%) + \/— |B% (B heavy)
- oy . 0 ;
|Br) = /3 | BY) \/§|B ) (Blight)
Am 1
Write masses myg = m + . EI‘ Am = mg —my
(mass-eigenvalues) as: Am i B
mp—=m— —— — T ' =—
2 2 B

1 1
Express B states through |B°) = —~ |By) + —= | Br)
mass-eigenstates: \/_ \/_
BY% = By By,
|B”) = \/—| ) — \/— |Br)

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12
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( B Meson Oscillations )

Time evolution:
t=0: |¢(0)> =|B%) =

Am_ 1 1 —i(m— M_l
[%(t)) = \/—5 TS DYR | By + Ee : YR | By =
1

= e i(m+Am_irye/n (\/_ IBY) + 7 |B°)) \;ﬁe i(m—Am_irye/n (\;E |BY) — s |B°)) _

—i(m—iT)t/R
_e 2 Ke i8R | =il ?)t/ﬁ) |BY) + (e—i’%mt/ﬁ — e—i(_ATm)*/ﬁ) |B°)] =
2
G A A —
— o—ilm—iT)/R | o (mt) IB% — i sin (mt) | B)
2h 2h

|BOstate oscillates between particle and anti-particle state:
g - O - . 1
Probability to find state as |B"Lat time t: cos? p — 5(1 + cos 2x)

. . 2 A
(B°|p(2)))* = ‘e_’mt/h‘z ‘e’f“/h‘ cos? (22%) - /
A 1
— e TR ¢os? (mt) — @
2h /2'

Exponential decay

particle - antiparticle
oscillation
Oscillation frequency
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] ] \
( B Meson Oscillations )

Pure particle |¢(?)) = |B?) = BS’L\%BS’H (AT = 0)
(BLl(t))* = F5—[1 + cos(Am,t)]

2
Fe—Ft

[(B2|(t))|? = 25—[1 — cos(Am,t)] == antiparticle exists
attimet>0

probability density [ps'1]
o
(-]
J__I_-I-—l—

s TR Am,is oscillation frequency

decay time [ps]

o

3

ﬁ";/m 0.4:

S . \ Asymmetry ;M ﬂ (i
S el (B — (B

=1 (BERE @)+ (B ()

R g / AVTUT AR
g :g ° ! dzecay time [ps]3
E _0 /
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( 2008 Nobel Prize in Physics

% The Nobel Prize in Physics 2008

“for the discovery of the  “for the discovery of the origin of the broken

mechanism of symmetry which predicts the existence of at least
spontaneous broken three families of gquarks in nature”

symmetry in subatomic

physics”

Y

R sl % _1
Fhoto: SCARMPIH Fhoto: Universtity of Chicago Fhoto: Ewofo Universihe
Yoichiro Mambu Makoto Kobayashi Toshihide Maskawa
() 112 of the prize 5 144 of the prize (5 14 of the prize
LISA Japan Japan
Entica Fermi Institute, University of High Energy Accelerstor Reseanch Evoto Sanguo Universife Yukame
Chicago Organizafion (KEK) Insfitute for Theoretical Phwsics (YITP,
Chicaga, IL, US4 Tsukubg, Japan Koo Universify
Ewata, Japan
b. 1921 b. 1944 b. 1940
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( Quark Transitions )

Quark spectrum:

Quark transition described
by CKM matrix V.«u:

Q=2/3 =-1/3

o [ ¢ ( Vud Vus Vub\
T F N b Vekm = | Ved Ves Ve
% o : \Wd Vis Wb)
; E (. ® o )
=2 [Vekm|=| o @ -
< T L @,

4

1— A%/2 A AX3(p — in)
Vokm = —A 1 —A%/2 AN? + 0(A4)
AXN(1 —p—in) —AN 1

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

Particular importance of b quark: Couples

to all other quarks directly or via loops
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Wolfenstein Parametrization )

Vorume 51,

LiMBrR 21 PHYSICAL REVIEW LETTERS

21 Fyv’n..m

Parametrization of the Kobayashi-Maskawa Matrix

Lincoln Wolfenstein
Department of Physies, Cavnegle -Mellon University, Pittshurgh, Pennsylvanta 1521
Receiveid 22 August 195.3]

The gquark mixing matrix (Kobayashi-Maskaws matrix) iz expanded in powers of a smal ’
parameter X equal to sing_ =0.22. The term of order 2% is determined from the recently ’

LiMBrR 21

PHYSICAL REVIEW LETTERS

Parametrization of the Kobayashi-Maskawa Matrix

Lincoln Wolfenstein

Department of Physics, Cavnegie -Mellon Univevsity, Pitfsturgh, Pennsylvanin 15213

{Heceived 22 Auguast 1983)

measgurad & lifetime, Two remaining parameters, including the CP-nonconservation ef- ’
fects, enter only the term of order A" and are poorly constrained, A significant reduc- ”
tion in the limit on ' /¢ possible in an ongoing experiment would tightly constrain the ‘

Cp-nonconzervation parameter and could rule out the hypothesis that the only source of

CP noncongervation is the Kobayashi-Maskawa mechaniam,

PACS numbers: 11.30.Er, 12.10.Ck, 13.26.+m

The quark mixing of the weak-interaction cur-
rent in the standard model is described by the

of order »* and making the replacements®

= it
3 %3 Kobayashi-Maskawa (KM) matrix’ A=siy ; (5a)
2={s,? ? + 25,5, cosb)® 5b
Vi Ve Vs :: ) X |33‘ +es Sp8, cosb)VE Es :
A= 8,8, 8ind, e
Vel Vi Voo Vo | (0 2[”3 2% .
AN
Vie Vie Vi d ‘ i i
o d 8 b
The element V. is quite well determined to be .
equal to 0.22, This and other information suggest ;LJ\*[@ 4
that V differs from unity by a small quantity. onl tfiee 1 Az 2 A AAB_ -
Here we set v u p '3?7
pendel. T§ ‘ /7 —
0.22=V,, =1 {2} from $he s CKM A 1 Az 2 Az
. 5t fi — — {I
and consider an expansion of Vin powers of A. ?ﬁf&i
A recent measurement of the lifetime 7 4 of B ica:('unstr 3 - 2
particles yields the result? noﬂco'naerv t AA ( 1 — p — zn) _AA 1
Vo =0.06, {3} ogder A° (“I
2
This suggests to us that V,, is of order »* rather gz;]‘:;s;
than A so tiTat we set :Iherel’ox#l
Vo =AN :.prasent}n:
. . ow cofhes ‘ 7 : .
with A =2, To order A the KM matrix can then : n . _— A —_— 9 9 - C b bb |
be written :' b c:ﬁ'a.nsu. us S]-I]- C cC * a I 0 a ng e
T
- a0 :' :'1 w/V
o
V=l -2 1-L? o’ . ¥ A A |
N Q
& 2
0 -Ax® 1 . & oo @ ] 8§ p, "7 dare rea
. S From Eq. {

We now want to go to order 4°, Unitarity lI.Jl.n :
; - - &

S
d
d
1= iaF 2EA | .ﬁl
-3'A 1 F

where two new parameters o and v must be infro-
duced. Equation (4) can be derived from the
slandard KM [orm by assuming that s, and s; are

1= a7 A MA(p —En)

WAl =p=in

@ 1983 The American Physical Society
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Vg <24,

ens® ONly Vig and V,; are complex — link to C P violation

sistency of the expansion 1n powers Of A because
they limit the coefiicients of the A* terms. Many
ather experimental constraints on the KM matrix
arc discussed in the literature.! When we neglect
C P nonconservation all of these are now of no
significance, For example, an upper limit on

1945
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( CKM Matrix )

e Individual CKM matrix elements are not Via Vi (Vi
predicted by SM => have to be measured V=|Vy Vo |V
e B decays determine 5 CKM matrix elements Via Vis Vi

e Unitarity of CKM matrix (VT V = 1)
VudVy, + VedVy + ViaVy = 0

e CKM triangle:

b->U transitions B mixing, radiative decays

\ /

Im uqub

— CPviolation

Re VoV

B lifetimes

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12



( CKM Triangle and CP Violation |

Recap:

e Flavour changing interactions generated by exchange of
virtual W, Z and t

e No flavour changing neutral currents on tree level => loops

¢ In SM flavour changing processes depend on CKM matrix

® Phase of CKM mixing matrix explains CP violation in SM

e CP violation related to matter-antimatter asymmetry in universe

e CP violation in SM not sufficient to explain matter/photon ratio
In universe

Goal of past, present and future B physics:
e Test flavour changing interactions in all possible ways
=> Theoretically clean modes versus
experimental accessibility
® Measure sides and angles of CKM triangle in many ways
=> Over-constrain triangle

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -18-




(CKM Triangle Today)

1.5 L | L i LI ‘.la-__l | I B | ! L
excluded area has CL = 0.95 . ?-:5:- :
: T @;;1

1.0

0.5
= 00— R T PR PR
-0.5
'1.[] B y E‘K —_
- Winter 12 T {axnl'.-.,_ai._l_E:L:n.gsj =
-1.5 el s sy ey
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

P
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(CKM Triangle Today)

Zoomed in:

0.7 T T T T T T T T T T T I

| T K T |

i L L ) i =
0.6 '_ﬁ__," : i - [N
0L : ' =
0.5 T ; _ i
= |E[ - T e P —
— |7 | ; 4 |ﬂ:|-'..lJ"EL:-':|.P'!-:I :
0.4 '__ﬁ T o N Vi
= T g e B, L -
0.3 e ' i e - =
e f -
E E}M\\‘\_ﬁ 3
02 Fem N ~— =
y o T, =
i B =
i ; =
01 Y -
/- E X

0.0 — - — | i AT ] AL | e i) N
-0.4 -0.2 0.0 0.2 0.4 0.6 0.2 1.0

P

Overwhelming success
of Standard Model!
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(CKM Triangle Today

07—

06

0.5

0.4

axdudad araahas CL = 095

CP conserving
quantities:

0.3

0.2

0.1

0.0

-04 0.2

07 71—

1 =

0.4

b IIII|IIII|IIII|IIII|IIII|IIII|IIII

=

06 —

05

04

| axdudad araa has CL = 045

CP violating -
quantities: =

0.z

Wilntar 12

sol. i oz 2f < 0
[mzediat CL = 3.6

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12
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Back to

B Meson Oscillations
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b
( B Meson Oscillations ) B" -B

d Va W b
Why are we interested in Bg mlxmg? . o -
0.7 = U l Yy 0 et u,c no
0.6 sin2B Amy |y Am &AmOI \% B 1 t BS
. A : itter
ds § EPS 2005 1 8 V. W b
0.5 S8 2 ' E
04 -;f \ . /I —i V
=l \ LT \  Vid
02 | 2 ,’ r‘ a ] | Vis|
0.1 ; “B |Vub/Vcb| : ‘ \\ _E
0 : mh. e P L B | .
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
o Theorv' In Standard Model CKM element

oo B

Experlment Lattice QCD _— £
Better to measure: Amyg msm Vis|? |at::g;n QCD

Amg mBWVédP
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( Analysis Strategy )

What do we need for measurement of Bg mixing?

(1) B signal reconstruction
(2) Determination of B decay time from decay length and momentum
(3) Determination of B production flavour ("flavour tagging")

opposite side | same side (vertexing)

opposite |~
side lepton | ™"  Decay mode
. fragmentation
" kaon , tags b flavour
: K at decay
D meson
B jet Bhadron — &~~~ "°"°°°
! 0
/4 5 B.
Collision Point = L wypicaly 1 mm
Creation of bb ~ 1
P £ Proper decay time
2 B tags production flavour — U from displacement (L)
p and momentum (p)

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -4 -



Time Domain

( Measurement of Bg Mixing )

@ 0.5

ymmetry
T I_!_.I_I.—l-F"'T‘

e Two domains to measure oscillation:

ol

Time domain:

o Fit for Am_in Ppix(t) ~ (1 — D cos Amyt) U I VU

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -25-



Time Domain

A

( Measurement of Bg Mixing )

asymmetry

e Two domains to measure oscillation:
Time domain:

o Fit for Am_in Ppix(t) ~ (1 — D cos Amg t) - U
Frequency domain: decay time ps]

1 . ‘-

e Fourier transform F(w)= —— [* f(t)e ™t dt o=
A T = e T €

e "Amplitude scan™ method

= or

2 —
%0.4— j \
Introduce amplitude A4 e .
% Frequency Domain
Pmix(t) o~ (1 _ D ACOS Ams t) 01.5F '0'415'; 10 (1;'2 14 1'61; 20 22 24 26 |
E | I Am_[ps]
- Fit for A at different Am,: E o

- A =1 for mixing at true Am,

- A =0 else in case of no mixing

In reality: “FAAAN] o
expected o
amplitude ¢ 10 20 .

flavor oscillation frequency

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -26-



( Result: Amplitude Scan )

: : ) : Sensitivity:
Hadronic & Semileptonic: Combined 31 3 ps-}’
CDF Run Il Preliminar L=1.0fb"
P Y v
2 - Alo =6.1 /
E —
<C 1: {.11{
05F {_ I ‘
NP O 1
Py o O S
-0.5F ||
AE |
-1.5§—
_2:.ﬁ(éma=ﬂ?-.75)1=1-21.i.9-2.0 T B
0 5 10 15 20 25 30

Amg [ps
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( Result: Fit for Oscillation )

Measured Value of Am,

Alog(L)

— expected no signal

30 :_ \/\1 —_ data
20—
C — expected signal B
10 N i
- 10
0 -

o
|
o

Hypothesis of A=1 compared to A=0

CDF Run Il Preliminary L=1.0fb"

30

A log(L)

— combined
—— hadronic
—— semileptonic

: 10}
| 5_ 50 %5 30 35 157716 17 ""1'8' 1920
Amg [ps’] Am [ps’]
Amg = 17.77 & 0.10 (stat.) &= 0.07 (syst.) ps—!

Corresponds to frequency of 3 trillion times a second

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/
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(Oscillation in Time Domain) O PR AR
£ 06t :
> ]

CDF Run Il Preliminary  L=1.0f" < z 1
2__ 0 + : —«—'*"'4:7/ ;
L 0.2 - “
E 04 F _

% 1__ 0.6 j A

= 08 3

a [ Yo T2 a4 e 8 10 1

E 0_ |At] (ps)

5 [ 2002: B° oscillation: ~10 ps

T -1 |

L —— da‘ta L;nlarge‘ As;lrmm}etry‘m [n‘e uz‘acay‘s }\V.TrnTev ?
B 0.08 B .
o[ — cosine with A=1.28 -, : .
C11 11 | 1111 | I | | 1111 | I | | 1111 | 1111 | 11 Z| 004 ]
0 0.05 01 0.15 0.2 0.25 0.3 0.35 - - L —
Decay Time Modulo 2r/Am; [ps] Y S R :
, ]
0 . . Z 004 1
2006: B4  oscillation: ~0.3 ps o ]
—<o08f Y T
0 10 20
40 K° Decay Time t' (10~ '9sec)

1974: K° oscillation: ~1000 ps
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( Measurement of CKM Matrix Elements )

Determination of |Vig| / |[Viq] :

Vi

Am,

Amd

= (0.20060 S

Vis

- 0.0007 (exp.)

mp,
de

+0.0081
—0.0060

|Vis|*
|Vial?

(theo.)

62

1.5

| | excluded area has CL>0.95 | i

CDF Run Il Preliminary

o 2f
S - - datat1c A 95%CLlimt  17.2ps’
% 1.5 - 16450 O sensitivity A1 3ps’
E 4f Ml datas16450 lﬂ
< 'E data+1.6450 (stat. only) I '*
5~ *
0 | .
0.5F
A ,
A5E 3
- o g 'Y
_21'| P i N o b ! 1 L sol.w/cosZB<0\\\ \\\ ]
0 5 10 15 20 25 30 35 SR
- tter Y \
Amg [ps 1] [ EPS05:G0F ;
15 Lo e\ . W L
. -1 -0.5 0 05 1 15
The new world order in 2006: S
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CP Violation in B, Mesons

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12
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( Neutral B,® System )

B.? System: 2 flavour eigenstates: Bg = |bs) & Bg = |bs)
Time evolution of states governed by Schrodinger equation:

o0 | My M| T T (800
‘ae | BO(t)| = | My, Mo ) T2 |0ty mo | | BY) )

mass matrix decay matrix
Mass eigenstates are admixture of B0 flavour eigenstates:
H 0 0 L 0 0 7 _ VipWis
|Bs >:p|Bs>_Q|B5> |B3> :p|Bs>+Q|B3> p Vip Vit

where Am,=m,,-m_~2|M,,| Oscillations between B? & B
Al =T -T,~2|l | cos(p,) Lifetime/width difference

=arg(-M,,/ I ;) CPphase
Assume no CP violation (¢ .>M~ 0.004) => mass eigenstate = CP eigenstate
=> [ ~CPeven((shortlived) & I',~CPodd (long lived)
Experimental observables describing system:
my m =>Amg, .= (I +M)/2=1/t; , Al , @

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -30-



( Al'and Am in Neutral Meson Systems )

BB’

Am=0.47ps™!

| |

0 L Eps?]

Am=15p st

1/I'=1.5ps
ALT=0.3

L

-5

0

5 10 15 g [ps-l]

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

-10 -5 0

Am=5.3ns"!

1/T(Kg)=0.09ns

AN

0=0 Am= ﬂps"
DD
1/T=0.dps

\ ALT=0.0

1/0(K] )=52ns

5 EmsY

Numbers
just for
illustration
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( B0 Lifetimes )

Since Al # O: Different measurements have different meanings
1) Havour specific lifetime:
- Equal mix of B,/ & B/~ at t=0
e.g. semileptonic decays B.°-> D JvX

- Fit of single exponential measures  7(BY)f.spec. =
-1(B0) = (1.463+ 0.032) ps [PDG 2017]
2) CP specific lifetime:
- Assumed to be either CP even or odd
e.g. B,>->K*K or D;*Dg assumed CP even or B ->-> I £,(980) is CP odd
=>|ifetime measures " or I,
3) Disentangle mixed CP state
-e.g. B> I @ : Ftfor CP components

-1(BY) =(1.429+ 0.088) ps [PDG 2012

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -34-



( B.->Jp @ Lifetime Example )

Results:

e Measurement of lifetime and Al

— CP odd
arXiv:0802.2255 [hep-ex] | CDF Run Il Preliminary 2.8 fb
£10°E E F
= f Dg,28f5'  ° Data G0l
e " — Total Fit 3
N10° ¢ Bs—>Jdive .. Total Signal s
o e r
g_ - { % Mass 5.26-5.46 GeV —. cp_gyen 102l
S10°F — CP-odd -
2 F — Background -
S _
3 -
1 ‘ i
2 3
B ™ :. IR R i L 1
Py Lo 1 -0. -0. i ) .
10,51 0.3 o.gt . n?)_s 0.2 0.1 0 0.1 02" (J/qu))s[cm]
1.=1T = (1.53 £ 0.06  0.01) ps | |t.=UT .= (1.53 £ 0.04 * 0.01) ps

AT = (0.14 £ 0.07 £ 0.02) ps"’

= (0.02  0.05 % 0.01) ps-!

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12




(1.497
(1.393 A

- 0.015) ps
- 0.019) ps

(1.618

- 0.024) ps

= +(0.100 -

- 0.013) ps*

+(0.150 -

- 0.020)

Contours of A(logL) = 0.5

( Al'  Summary ) 1/T,
Tshort — l/FL
Tlong — ]-/FH
PDG 2012 averages: Al
AT, /T,
Contours of A(logL) = 0.5
— 025 Lm0 T mee ] o 1.7F
o [ 7(By N J/ fo) ' 81 !
o | = [roczoz || = |
, <, -
L‘(IJO. Of \ | = : 6-‘
< [ %i ~— 9
[ 2
Sl 5 wogwe ||
23 Measurements 1.5¢
9/ !
0.10| ©
| U217 Combined _
0.05 L&
7(BY - KTK™) j
oL A ]
1.3 1.4 15 1.6 1.3
1/T [pS]

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

[ BS — J /1)@ Measurements HFAG _-
-
Combined 7(B° — J/fo)
S0
\0
'
YO@Q-
T(B? — K+K_) ‘5_6’/
3 14 15 16 1.7
11, [ps




+
B.->Jp @ Analysis ) u
(B> @ Analy B — J/v ¢ J/V
e Decay B? — J/v ¢ H
0 _
(spin-0 -> spin-1 + spin-1) BS K
leads to 3 different angular O ) ¢
momentum final states: P P K
- L=0 (S-wave), L=2 (D-wave) -> CP even
- L=1 (P-wave) -> CP odd
e Use decay angular . 2 ,
distribution in ui J/ ¥ rest frame O rest frame
transversity basis
p = (cos @, ¢, cos) K+ e K*
to disentangle 8 X M X
CP states q) K- « 0
. xy—-plane K
=> mainly \
CP even! n

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -37-



( B.->J @ Analysis )

e With flavor tagging measure time dep. CP asym. => determ. 8

Analogy to measurement of CKM angle B in BY->JiQK

> J/VYK{ B > J/¥¢
5N _ v (_ wsm’;;]
0 VCS c’li)
—> sin 2I3 => sm 2,BSSM

V.V, o
VsV [ — B
: : . g
V V* Vv V;j not to scale
cd Vcb cs "¢
Expect B, to be small in SM (|8.°M = 0.02) - beyond current reach

=> Current interest: Search for enhanced CP violation through
new physics: 2,6';/‘”‘1‘5 - ZBEM — (,bl;P

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -38-




o]
o
o

( Analysis Strategy )

¢ Reconstruct B ->Jp@ >

e Use angular information
to disentangle CP eigenstates

e Identify initial state of B.°meson

(flavour tagging)
® Perform unbinned maximum
likelihood fit

N
o
o

Candidates per 1 MeV/c?

-
o
o

i 3

D

. w

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

P 1)) (o2} ~
o o o o
o o o o
TTT T T T [ TTTT [ TTTT]]1

w
o
o
T

= | .
ct, oct |

L /1 -2InL A

[ C0s6, 1_ Jjet charge 3 K'I'
i 3 /

CDF Run Il Preliminary L = 9.6 fb™

- 10950 + 111
- Signal Events \ {

K

lepton



( Some History )

In the beginning: Measurement of Al'

Measurement of the Lifetime Difference Between B, Mass Eigenstates

D. Acosta,' J. Adelman,'? T. Affolder.” T. Akimoto, M.G. Albrow.!® D. Ambrose, % S. Amerio,* D. Amidei,*
A. Anastassov,”™ K. Anikeev,1® A, Annovi,® J. Antos,! M. Acki,® G. Apollinari,'® T. Arisawa.”® J-F. Arguin,™?
AL Artikov, '™ W. Ashmanskas, 1® A, Attal,” F. Azfar ! P. Azzi-Bacchetta,?? N. Bacchetta.4? H. Bachacon.®®
W. Badgett,!® A. Barbaro-Galtieri,?® G.J. Barker,?® V.E. Barnes.4® B.A. Barnett,?? S. Baroiant,® M. Barone,17
G. Baner.™ F. Bedeschi 44 S. Behari.?? S. Belforte,”? G. Bellettini, 44 J. Bellinger,”® E. Ben-Haim,'® D. Benjamin,!4

We present measurements of the lifetimes and polarization amplitudes for BY — J/u'¢ and
BY — J/K*" decays. Lifetimes of the heavy (H) and light (L) mass eigenstates in the B
system are separately measured for the first time by determining the relative contributions of
amplitudes with definite P as a function of the decay time. Using 203 + 15 BY decays we
obtain 7, = (1.05 216 4 002)ps and 75 = (207 9% £ 0.03)ps. Expressed in terms of
the difference Al, and average ['., of the decay rates of the two eigenstates, the results are

Hocker.,® K. Bloom,*3

rtoletto, 4% I Boudrean, 4®

1 - -— A0

AT./T. = (65 125 4+ 1%, and AT. = (047 019 £ 001 ps— L.

. o 2]
2004: CDF measures with 0.27 fb-1: Qoo S0 e
> 203+
- +0.25 =
Al /T =0.65%025 © o
=>Am_~ 125 ps!! %
__*gzﬂ
e
_
53 54 55
L WK'K mass (GeV/c’)

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

PRL 94, 101803 (2005)




( Some History )

At that time life was simpler ....

- a - \
I Bs—Jhyo 10’ By— JyK? b
E10E - =
3. F —e—data 3 r —e—data
3 —fitall 810 —fital
Q10 ¢ []fit B g 7] fit sig.
8 [t e 210E [ PNy fit bkg.
010 £ fit bkg. 5 ¢ wm e
T F 1/ 5 10 ; _n
c B i c C @ i
1) B % ol u ”ﬁ?%?%?i o
© 1 3 f = T © 18 7
- f : o o ~_| ay ? / /ﬂ1 ;xx ;5,/ ~ |
0.0 0.1 0.2 0.3 0.3
ct (cm)
2004: Didn’t know Am_ => no need for flavour tagging
4+
d*P(p.1) 5 _T .
W Lt ; ] 3 :l_l—lLt "
)| € ‘fl(ﬂ A||| € ‘fﬁ(ﬁ)
dpdt
2 —I'gt g .
€ - fa(P) + Re(AGAY) - fa(p)e™"
Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -41-



( Some History )

Check angular fit with B° > JpK*

- BY = Jhy b
“|_

-1

I

R
e

0
cost

0
cosH

1

0.3

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

020

0.1

[ BY S Jhyo

0
cosy

- By = Jiy K




Some History )

D0 measurement of Al'  followed soon

Measurement of the Lifetime Difference in the B? System

V.M. Abazov,”® B. Abbott,”™ M. Abelins,®® B.S. Acharya.? M. Adams,”” T. Adams,*® M. Agelon' J-L. Agram,!”
S.H. Ahn,*! M. Ahsan"7 G.D. Alexeev,* Q. Alkhazov,™ A. Alton,"™ C. Alverson,"! G.A. Alves? M. Anastasoaie,*
T. Andeen,”? S. Anderson,* B. Andrien,'” Y. Arnond, ™ M. Arov.” A. Askew.® B. Asman, " A.C.8. Assis Jesus,”
O, Atramentov,?® C. Autermann,?! C. Avila,® F. Badaud.® A. Baden,5 L. Baghy,®! B. Baldin,*® P.W. Balm.*
F. Banerjee, S. Banerjee,? E. Barberis,®! P. Bargassa, ™ P. Baringer,® C. Barnes, 42 J. Barreto,? 1L.F. Bartlett, 49
U. Bassler,!7 D. Bauer,®® A. Bean.’® S. Beauceron, ™ M. Begalli,* M. Begel % A, Bellavance,® S.B. Beri,?7
G. Bernardi.l™ R. Bernhard 4%* 1. Bertram.4! M. Besancon1® R. Beuselinck.4? V.A. Bezzubov,™ P.C. Bhat 47

We present a study of the decay BY — J /i) ¢. We obtain the CP-odd fraction in the final state

at time zero, B, = 0.16 + 0.10 (stat) + 0.02 (syst), the average lifetime of the (B, FEI:I svstem,

F(B)) = l.ﬂgig:ig (stat) fg:gé (svst) ps, and the relative width difference between the heavy and

light mass eigenstates, AT/T = (I'c — Tr)/T = 0243538 (stat) 1057 (syst). With the additional

constraint from the world average of the B” lifetime measurements using semileptonic decays, we

find 7(B)) = 1.30 £ 0.06 ps and AT,T = 0.2570 1%, For the ratio of the BY and B" lifetimes we
obtain —g_gg% = 0.91 & 0.09 (stat) & 0.003 (syst).

2005: DO measures with 0.45 fb-1:
AFS/ .= 0.24 *0-28_0_38

closer to expectation of ~0.15

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

ler,** G. Blazey,®! F. Blekman,*® S. Blessing,®
.. Bolton,®” F. Borcherding,* G. Borissov,!

i ao Cla)

PRL 95, 171801 (2005)

E 1'2;— with WA constraint (16 stat.)
L 1.0:—------- DO default 1G stat. *DO
< o.8F CDF
0.6~ ~ ~—__ 7
0.4 E_theor. 10 band . ‘
0.2__ ,_d"l’
0.0
0.2 et Flav. Spec.
F | | | WA 1o
-0.4 0.037 0.0397 0.0425 0.0452 0048
cT(cm)
I||||||||||||||||||||||||I||||||||||||||||||||
115 1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6
T(ps)
-43-




( Some History )

DO includes fit to CP phase £,
=> likelihood gets more complicated

d*P(p.t ~
D) AR ATy + Ay fa (DT

dpdt
+ [ALP fa(P)T- + [Ao||A)] f5(p) cos(d)) T+
7~|~ f1|| flj_‘f;l(m COS((SJ_ —5||)
Previously ignored < Sin(Q,SS)(e_FHt _ E—FLt)/Q
these, 23_~ 0 in SM S| Aol AL | fo( ) cos(d )

+ 8|| = arg(A[|(0) AOX(0)) sin(20)(e A — e EE) /2
« 00 =arg(A O(0) A0O*(0))

To = [(1£cos(20))e™ 2 + (1 F cos(28:))e 1] /2

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12




( Some History )
DO includes fit to CP phase £,

_ 05

PRL 98, 121801 (2007)

w
204

0.3
=7
0.2

Dotted line 0.1

indicates _—"0|
39% CL 0.1
-0.2
-0.3
0.4
-U'fi 11

DS, 1.1fb

m B! Jyo

1

,
| - |

AT
Ll

= ‘é‘l_;s

— SM

m < [cos(ds)]
cele il

an
1
sl
 F
Wi
M_

No flavour tagging

=> four-fold ambiguity in
determination of CP phase £
2006: DO measures with 1.1 fb1:
Al _.=0.17 £0.08 £ 0.01 ps™’

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

11 -1 0 1 1

2II
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bg (radians)



( Some History )

e CDF finds that things are not so simple:
e When 20 floats freely in fit, CDF sees significant biases and

non-Gaussian errors in pseudo-experiments at low statistics
e Can reliably quote some point estimates only with 283 fixed

to standard model prediction

® Quote confidence regions, rather CDF I L=17fb
than point estimates,

when 20 floats freely

06k ngf/nce region: ¢ Standard model
I 9502 I New physics models

Al [ps'1]

2007:
CDF measures with 1.7 fb-1 for
CP phase 28, fixed to zero

Al .=0.076 *0059  +0.01 ps

-0.063

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -46-



( Some History )

e Meanwhile everything changes:
e CDF observes B_ mixing in 2006

=> measures Am .

e Time dependence on Al' ;, Am, 28

. Al .
T. =M [c*osh <2t> F cos(20,) sinh (

UL = el

B, oscillation amplitude

X |sin(d1 — o

+ cos(d1 — 0)) sin(2/3,) sinh (Azft)]

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

> | ) @(233) sin(Amt)

2 CDF2 observation (2006)
F E data+ L6d5 A
N data + 1645 o {stat only) Y
-t e o~
[ - 1ledsc T ) (SRSl | ’
0 |- ! 2 1 \IJ' ||I| .
C Nel111 ' "’\|
[ & 95% CLlimit 172ps] o
1k = sensm\r]ty 310 ps ! |
[ 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 | 1] l'
2rpo e‘mlence (2007, pre]]mmary} f
B E data+ 1.645 ¢ e /\
L data 1645 o {stat only) A A
F 4 datatlo B : i v
[ —— ledsc V._/- f'ﬁh |
b SR |
L1}
- 95% CL limit  16.1 |HT
i it
L = sensm\rltym 273 ﬁ \/‘\_// A'J
1 1 1 I 1 1 1 1 I 1 1 1 1 ’I"

CP asymmetry
n=+1Bs0,n=-1Bs0

Dependence
on cos(Amg t)

Vi =+e ' x [5111(5 cos(01 ) cos(23,) sin(Amyt)

+ cos(d, ) sin(2/3,) sinh (

cos(01 — 0)) cos(2/3) sin(Amit)

-47 -



( CP Violation in BL->Jy ¢ )

Winter Conferences 2008:

® First results from CDF (1.35 fb-1) & D0 (2.8 fb-1) presented
e Expressed as confidence regions in B_-Al' (plane

CDF Run Il L=1.35fb"

—~ 06F —gs%cCL
'n T — 68% C.L.
£ 0.4 - SM prediction
Q i

0.2r

0.0 i)

0.2

041 |

0.6 WY /.

1 | 1 1 1 1 1 ]

! | I T T
-1 0 1
PRL 100, 161802 (2008) B_ (rad)

p-value(SM): 0.15 (~1.50)

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

I T ||||
0.5~ 35105 0

Use external constraints on strong phases

—0.4r

D@ " Flipped " PRL 101, 241801 (2008)
DO, 2.8 fb™ 90% CL
m B J/y ¢

AM, [ 17.77 ps™

- SM

A= AFSM x lcos(¢, )I

05

BE

zﬁ = -0, radlan)

p-value(SM): 0.066 (~1.80)
Mild inconsistency with SM (but in same direction)




( CP Violation in BL->Jy ¢ )

Next: DO released data with no constraint for average with CDF

DO 285"
0.6 T

HFAG

N
04 r

‘_{l_|
|
&

@ 99.7% CL —
—~ o2}
<

0.0 f N T .

-0.2

p-value = 0.085
04 -‘wtmo from SM
06510 05 0 05 10 1.5

J/Yeé
PRL 101, 241801 (2008) B, [rad]
CDF 1.351 " 2008
99.7% CL
SN

Co
085 -1.0 -0.5

PRL 100, 161802 (2008)

0.0
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HFAG
CDF 1.35fb '+ Dfl 2.81b
- 0.6. - . . . ; .
|CD [ :
B 04r
”
_ 99.7% CL — 5
—~ ool | i
< :
0.0 ) .......................... =
-02L 4
[ p-value = 0.031
2.2 from SM
a0 05 0 05 10 15
T/
B rad]

B, in [0.14,0.73] or [0.83,1.42] at 90% CL
Combined p-value(SM): 0.031 (~2.20)




( Some History )

® These results have created quite some excitement
e Utfit collaboration released a paper claiming evidence of
new physics in Mar. 2008

FIRST EVIDENCE OF NEW PHYSICS IN b +— s TRANSITIONS
U-l}‘-‘ﬁL

(UTfit Collaboration)

M. Bona.! M. Ciuchini.? E. Franco,* V. Lubicz,%* G. Martinelli,* * F. Parodi,®
M. Pierini,! C. Schiavi,® L. Silvestrini,* V. Sordini,” A. Stocchi,” and V. Vagnoni®

'"CERN, CH-1211 Geneva 23, Switzerland
*INFN, Sezione di Roma Tre, I-00146 Roma, Italy
TINFN. Sezione di Roma, 1-00185 Roma, Italy
{ Dipartimento di Fisica, Universitd di Roma Tre, [-00146 Roma, [taly
* Dipartimento di Fisica, Universitd di Roma “La Sapienza”, I-00185 Roma, [ltaly
¢ Dipartimento di Fisica, Universitd di Genove and INFN, I-16146 Genova, [taly
? Laboratoire de U’Accélérateur Linéaire, IN2P3-CNRS et Université de Paris-Sud, BP 34. F-91898 Orsay Cedez, France

SJ'NFN, Serione di Hologna, I-§0126 Bologna, [taly

We combine all the available experimental information on B, mixing, including the very recont
tagged analyses of B: — J/¥¢ by the CDF and D@ collaborations. We find that the phase of
the B; mxing amplitude deviates more than 3¢ from the Standard Model prediction. While no
single measurement has a 3o significance yet, all the constraints show a remarkable agreement with
the combined result. This is a first evidence of physics beyond the Standard Model. This result
disfavours New Physice models with Minimal Flavour Violation with the same significance.

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12



( CP Violation in BL->Jp ¢ |

CDF Run Il Preliminary L= 9.6 fb™

Where things are today . _l T T 1 | I T T 1 | I T T | I T 1T1 | T il I | I T T 1 | _I
0.6 ...... 68% CL i @ B
| aimimimis 95% CL _
B = SM tation’ E .
04 Symmetry o | .
i Mixing Induced CP Violation? i
0.2 —
= - BRI _
w | SNy ]
_c'n Oleonsmmmmrm et SRS R
~ 5 ¥
| B R .
Preliminary 0.2 o
- - -1 01 = —-0.42+0.18 B ]
| 04 E Dﬂ, 611 L= i 7
0 = o So= 3.01+0.14 04 N
B EB oI AM, = 17.77+0.12 ps™! i i
® 0.2 f_ | A Lenz and U. Nierste, arXiv:1102.4274v1 {2011) i
2 = — 68% CL -0.6[—~ ? 2Ir,,|= (0.087 + 0.021) ps” i —
= — | [ I | | | I | | | I | | 1 11 1 | (| EI | | I I | | _I
0.0 - ST B%CL| 45 9 05 0 05 1 15
Tk B.*" [rad]
02F .
3 / Much less disagreement
wap o DB with SM
-3 -2 -1 0 1 2 3

¢5/**[rad]
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( CP Violation in BL->Jy ¢ )
Where things are today .... LHCb dominates ...

~ ¢ Standard Model ] Do 3 -]
P4 — esnct [] CDF  10fb”
— 77 95%CL [] LHCb 03fb"
- LHCb 1fb™
0.2 F [ ]
n =
RS> -
0.0 F="""--- o
v ey e
W)
-0.2 :— S
0.4 F
: | ] | L I | 1 | 1 I | 1 | L I | 1 | 1 I 1 ] | 1 I ] | | 1
-3 -2 -1 0 1 2 3

b J/Vo (rad)
Another result in good agreement with SM ...
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What's Next?

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12



( Back to B Decay Diagrams )

q, lep

. w:x’< v
b "fl’ E
o

q

External spectator
(semileptonic, hadronic)

JI~F w q, lep
B (14 ir-b- o
* @V

Annihilation

iJrrrT
W. -
- ;

b b c b | & ]
J/¥
W €
B’ < B
s q
K
d d w/d w/d
Internal spectator Penguin (radiative)
.-""\W

— s
B B b, I

I’Eb“_’ Va

b d
B ] [ o n

d Vi W Y b

w/d w/d
Penguin {gluonic)

Oscillation
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( Back to B Decay Diagrams )

q, lep R
b~ i ) W e JI¥ N—
B b
Ky
q q d d w/d
External spectator Internal spectator Penguin (radiative)

(semileptonic, hadronic)

b q, lep
+ ]
Bl > ' B
i % o

Annihilation

b L2 Via
| ] D
o i . ' 5 b

OscillaAion

w/d w/dl
Penguin (gluonic)

Loop diagrams:
Hiding place for new particles?

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12



( Loop Processes )

How to continue testing the Standard Model?
[1 SM cannot be the ultimate theory

 Must be a low-energy effective theory of a more fundamental theory at a
higher energy scale, expected to be in the TeV region (accessible at LHC !)

[] How can New Physics be discovered and studied ?

 New physics models introduce new particles, dynamics and/or symmetries
at the higher scale. These new particles could

 Be produced and observed as real particles at energy frontier machines (e.g LHC)

« |Appear as virtual particles (e.g. in loop processes), leading to observable
deviations from the pure SM expectations in flavour physics and CP violation

_ Am_= Am> Mo [V 2,
b= ¢, SM — —dlﬁ{v 2)=-2An?

/"‘#.‘3’—"" N S
0 P . ) : : } ¢ [ ? _' S 1 0o
B \.___ ____.,-:"{ h i .-') B
K i IO T S
d > dar= S —t—— |—>— b
BY — ¢K decay: “Penguin” diagram B, B oscillations: “Box™ diagram

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -56-



( Strength of Indirect Approach )

e Can in principle access higher scales & therefore see effect earlier:

- Third quark family inferred by Kobayashi and Maskawa (1973) to
explain small CP violation measured in kaon mixing (1964), but only
directly observed in 1977 (b) and 1995 (t)

- Neutral currents discovered in 1973, but real Z discovered in 1983

e Can in principle also access the phases of the new couplings:

- New physics at TeV scale needs to have a "flavour structure” to
provide the suppression mechanism for already observed FCNC
processes => once NP is discovered, it is important to measure this
structure, including new phases

e Complementarity with the "direct” approach:

- If new physics is found in direct searches at LHC, B physics
measurements will help understanding its nature and

flavour structure

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12



Rare Loop Processes
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b W LK

( Rare Decays: B_.? — p*p- ) box  tf _ fv

S - 2 35

B.> - p*u : FCNC, forbidden at tree level in SM b o 0

SM prediction for BR: (3.2+0.2) x 10-° pe"?um I o
> W

Enhancement to BR due to New Physics

=> powerful probe to NP
95% CL Limits on B(B, — u)

b MSSM —
b u"‘ ' i ! oCDF

ADO

< N H+ 1
~ 0 .0 ]
HYA° t ~ _ hAH PRD 57 (1998) 3811 C OCDF Expected
A - — ADO Expected |
4 — 2
> W 10 - -

PRL 93 (2004) 03200t-C

-— I

B _ penguin enhancement § 'APRL 94 (2005) ?718?2. i
S § [ ]

Analysis Strategy: 5 =& (, “%@

e CDF & LHCb use multivariate g o ot
analysis and bin in m, topology, ... ~ © ==

e CDF & LHCb use B — hh to tune cuts Jta""'”j""@'e' Expectation |

e Atlas and CMS use cut & count o 100 1000 10000

Luminosity (pb-1)
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( Rare Decays: B_.? — p*p- )

Current limits on BR(B_.° — p"y) @95% CL

June 2012
|

DO 6 fb '
PLB 693 (2010) 539

| CDF 7 fb"

PRL 107 (2011) 191801

CDF 10 fb™'

www-cdf.fnal.govfphysicsfnewfbottomf'i20209.bmumu1 0fb/

ATLAS 2.4 fb ™"

arXiv:1203.4493

CMS 4.9 fb™’

JHEP 04 (2012) 033

LHCb 1 fb™"

arXiv:1203.4493

SM Prediction -
I(sa% C|L regioln) | | | | 0.6

0 20 0
BF(B —u*u)x 10° @ 95% CL

CLs

osh ATLAS+CMS+LHCb

.2

0

Atlas + CMS + LHCb: BR(B_® — p') < 4.2 x 10° @95% CL

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12

-60-



( Conclusions )

e Tevatron & B factories offered rich heavy flavour program

e Many results from heavy quark physics (many not able to cover)
- Lifetimes and AI' in B, decays

- Discovery of B.Y oscillations paved road to CP violation
- CPviolation excitement in B.°-> J/ @ resolved
- Rare loop processes as search tool for new physics
e Scene now dominated by LHC. LHCD plus Atlas & CMS

® Expect many more results from LHC In future
e YOU ARE THE FUTURE !

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12 -61-



( Conclusions i )

"Anyone who keeps the ability
to see beauty
never grows old.”
(Franz Kafka)

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12
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( Conclusions I )

"Anyone who keeps the ability
to see beauty
never grows old.”
(Franz Kafka)

"You see things as they are
and ask 'Why'?
| see things as they never were
and ask 'Why not'? "
(George Bernard Shaw)

Manfred Paulini - HCPSS 2012, Fermilab, 8/15/12
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