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What is on the moon?

Taller de Altas Energias 2010 (31.8-11.9 2010) Flavour Physics T. NAKADA 3



What is on the moon?

Taller de Altas Energias 2010 (31.8-11.9 2010) Flavour Physics T. NAKADA 4



What is on the moon?

But you can study a
lot from here before
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What is on the moon?

But you can study a
lot from here before

And may be finding

something new?
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What is on the moon?

But you can study a
lot from here before

And may be finding Instruments can b We see far beyond
something new? improved and the direct reach...
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Flavour Physics

Excellent track record to probe high energy scale

Start with Isospin (Heisenberg)...
— p and n are the doublets under SU(2)
similarly st*, ¥ and st™ are the triplets under O(3)

U

p and n (or 7t*, ¥ and 7t7) are identical when switching off
alectromagnetic interactions
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Flavour Physics

Excellent track record to probe high energy scale

Start with Isospin (Heisenberg)...
— p and n are the doublets under SU(2)
similarly st*, ¥ and st™ are the triplets under O(3)

“Strangeness” played a role 1n establishing
the concept of flavour quantum numbers

U

discovery of long living particles
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Flavour Physics

Excellent track record to probe high energy scale

Start with Isospin (Heisenberg)...
— p and n are the doublets under SU(2)
similarly st*, ¥ and st™ are the triplets under O(3)

“Strangeness” played a role 1n establishing
the concept of flavour quantum numbers

“quark” 1n early 1960’s

(Gell-Mann, Ne’eman, Han-Nambu, Nishijima, Sakata, Zweig, etc.)

SU(3) flavour symmetry: (u, d, s)—C2~ prediction,
discovered in 1964, Barmes et al.
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K%)-antiparticle (K°) mixing:

PHYSICAL REVIEW VOLUME 97, NUMBER 5 MARCH 1, 1955

Behavior of Neutral Particles under Charge Conjugation

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

A. Pais, Institute for Advanced Study, Princeton, New Jersey
(Received November 1, 1954)

Some properties are discussed of the 6°, a heavy boson that is known to decay by the process 8=z +=".
According to certain schemes proposed for the interpretation of hyperons and K particles, the 8° 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.

Why?

Kk =K'+ K
.= e under C symmetry
Ko qtn” o KO — KO- o | two very different lifetimes
K, = iy (& — change to CP conservation)
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Observation of Long-Lived Neutral V
Particles™
K. LanDE, E. T. Boorts, J. IMPEDUGLIA, AND L. M. LEDERMAN,
Columbia University, New York, New York
AND

W. Cuinowsky, Brookhaven National Laboratory,
Upton, New York

(Received July 30, 1956) Phys Rev Lett. 1956
cloud chamber exposure at BNL

lifetime for w*m™ decay already
ST o0 ok known to be ~1071” sec
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F1G. 2. Detection sensitivity for K mesons as function of life-
time. The composite curve is obtained with the spectra of reference
5. The point indicates the observed yield with a production cross
section of ~20 ub/sterad.

Establish two particle states: short-living, K¢, decays into 2w
and long-living, K , decays into 3, w/v: K'-K" mixing
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)
Very suppressed K; =utu”
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)

Very suppressed K; =utu” = SU(2) doublet structure (GIM)
1970
— ZO +
S T~ “~ w _ O u C
d uw d| s
KO s a| v v, W N S c| WV v, W
d W W d W W
'3 + 0 + < + 0 +
S g W Z we s - W Z u
d W~ w d W~ w
Why is this? =01t m,=m,
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)
Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; —=utu)
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Br(K'—utu) = F(m,,...)  Amy = G(m,,...
Gaillard and Lee, 1974
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)
Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; =utu) = charm mass ~1.5 GeV/c?
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)
= SU(2) doublet structure (GIM)

Very suppressed K; =utu”
Amy and Br(K; —=utu)

CPV 1964, 1 H. Christenson et al., Br(K%, —m*n") = 0

Di-=Pgs t Pr-
6 = angle between p,, and p,

ST F1.ln'———| Helium Bag

internol torgel
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= charm mass

m (ttt) < m .
(CT) < el o,

484<m* < 494 1O

““Favour Physics

L 30 ]

m () = my &
494<m*< 504 114 s

m (TE+T|:_) > mK 504<m*<514 {10
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)

Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; =utu) = charm mass ~1.5 GeV/c?
CPV

1964, J H. Christenson et al., Br(K% —mtn™) = 0

VIOLATION OF CP INVARIANCE AND THE POSSIBILITY OF VERY WEAK INTERACTIONS*

L. Wolfenstein
Carnegie Institute of Technology, Pittsburgh, Pennsylvania
(Received 31 August 1964)

“Superweak model”, CPV only in AF = 2 transitions

s __|w+|__ d S
uc uc
d W- S d S

(@R

No CPV in decay amplitude,i.e.Re & =0
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Flavour Physics

an alternative proposal

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction,
are studied. It is concluded that no realistic mod
scheme without introducing any other new fields.
also discussed.

problems of CP-violation
els of CP-violation exist in the quartet
Some possible models of CP-violation are

Introduction of the third family ( u ( C ( t N |
(before the charm discovery) L d L S L b | | complex mixing matrix

CPV starts with AF = 1: CPV in decay amplitude possible, Re & #0

Taller de Altas Energias 2010 (31.8-11.9 2010) Flavour Physics T. NAKADA 19



CKM matrix with KM phase

flavour eigenstatetates = masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-flavour conserving -flavour changing
-Strong and EM 1nteractions -weak interactions
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CKM matrix with KM phase

flavour eigenstatetates = masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-flavour conservation -flavour changing
-Strong and EM 1nteractions -weak interactions
Up, Cp, 1 W up, €.t w
/,71 n " " /,77
Vids Vies Vi 5 - 1- Vid > Vi » -
dL, SL,bL dL, SL,bL

LoV, Uyt(1=ys) D, W, + V" D;y(1~ys) U, W,
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CKM matrix with KM phase

flavour eigenstatetates = masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-flavour conservation -flavour changing
-Strong and EM 1interactions -weak interactions

Up, Cp, 1 W up, .t w

/,71 n " " /,77
Vids Vies Vi 5 - 1- Vid > Vi » -
dL, SL,bL dL, SL,bL

LoV, Uy (1=y) D, W, +V, Dy*(1-ys) U, W,
I CP conjugation Can you show this?
LCP & Vij Di Yu(l_YS) []] Wpt + Vij* l7i Yu(l_YS) Dj WMT

If Vi,-* =V, — L = Lcp: 1.€. CP conservation
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CKM matrix with KM phase

masseigenstates
-diagonal mass matrix
-flavour changing
-weak interactions

flavour eigenstatetates
-non-diagonal mass matrix
-flavour conservation
-Strong and EM interactions

[ 2
-
Vud Vus Vub
VCKM = Ved Vcs Vcb ~| ~—A
Va Vs Vo ?

Taller de Altas Energias 2010 (31.8-11.9 2010)
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Verm X Verwm =1
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CKM matrix with KM phase

flavour eigenstatetates
-non-diagonal mass matrix
-flavour conservation
-Strong and EM interactions

[ 2
=
Vud Vus Vub
VCKM = Ved Vcs Vcb ~| ~—A
Va Vs Vo ?

=

~ A
2
1
2

?

masseigenstates
-diagonal mass matrix
-flavour changing
-weak interactions

0
' T

Verm X Verwm =1
9

?

Can you show this explicitly
by using the arbitrary quark

With 2x2 matrix, one angle (1-2 rotation) | phases and unitarity?
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CKM matrix with KM phase

flavour eigenstatetates = masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-flavour conservation -flavour changing
-Strong and EM interactions -weak interactions
[ 52
Vi Vo Vi 22 Vekm *Vekm =1
VCKM = | Ved Vcs Vcb ~| ~-A 1- ? ?
Ve Vs Vo ? ? ?
Can you show this explicitly

A = 8in Oy, = 0.22 by using the arbitrary quark

With 2x2 matrix, one angle (1-2 rotation) | phases and unitarity?
With 3x3 matrix, three angles (1-2, 2-3, 1-3 rotations) and one phase
with three families, some of V;;’s are intrinsically complex
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CKM matrix with KM phase

flavour eigenstatetates = masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-flavour conservation -flavour changing
-Strong and EM 1nteractions -weak interactions
( 2
= Az A AN (p-in)
Vud Vus Vub )\.2
VCKM = | Ved Vcs Vcb ~| —A- iAZ)"STI - A)"z
Vo Y Vo) |t poin) —an - 1
A= sin Oepr =022 Pt AL
\
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CKM matrix with KM phase

flavour eigenstatetates = masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-flavour conservation -flavour changing
-Strong and EM 1nteractions -weak interactions
( 2 )
= Az A AN (p-in)
Vud Vus Vub )\.2
VCKM = | Ved Vcs Vcb ~| —A- iAZ)"STI - A)"z
Vo Y Vo) |t poin) —an - 1
A= sin Oepr =022 Pt AL
\ 2 2 )
R A n
—ol1-2| f=p|1-1
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CKM matrix with KM phase

flavour eigenstatetates = masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-flavour conservation -flavour changing
-Strong and EM 1nteractions -weak interactions
( 2 )
= Az A AN (p-in)
Vud Vus Vub )\.2
VCKM = | Ved Vcs Vcb ~| —A- iAZ)"STI - A)"z
Vo Y Vo) | s poin) —ar - 1
A= sin Oepr =022 > AL
\ . | }\’2 . | 7]2 )
large 1imaginary part P=Pi=5 p =P~
could be O(1)
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CKM matrix with KM phase

flavour eigenstatetates =
-non-diagonal mass matrix
-flavour conservation
-Strong and EM interactions
( 2
-
Vud Vus Vub
VCKM = Ved Vcs Vcb ~| —A- iAZ)"STI
Vg V. V
td s tb A)\.3(1—l@—iﬁ
CPV in K= \

Taller de Altas Energias 2010 (31.8-11.9 2010) Flavour

masseigenstates
-diagonal mass matrix
-flavour changing
-weak 1ntaeractions

A AR (p - in)
2
- AX?
2
) —AN —iAX'n 1
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CKM matrix with KM phase

flavour eigenstatetates =
-non-diagonal mass matrix
-flavour conservation
-Strong and EM interactions
( 2
-
Vud Vus Vub
VCKM = Ved Vcs Vcb ~| —A- iAZ)"STI
Vg V. V
td s tb A)\?(l—ﬁ—lﬁ
CPV in B,—J/ypKg |\
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masseigenstates
-diagonal mass matrix
-flavour changing
-weak 1ntaeractions

A AR (p - in)
2
-4 AN
2
) —AN —iAX'n 1
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CKM matrix with KM phase

flavour eigenstatetates =
-non-diagonal mass matrix
-flavour conservation
-Strong and EM interactions
( 2
-
Vud Vus Vub
VCKM = Ved Vcs Vcb ~| —A- iAZ)"STI
Vg V. V
td s tb A)\.3(1—p—lﬁ
CPV in B,—J/p¢ \
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masseigenstates
-diagonal mass matrix
-flavour changing
-weak 1ntaeractions

A AR (p - in)
2
-4 AN
2
) —AN —iAX'y 1
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.
) NN~ N(KL — nOnO)N(KS — J'L’+.7'L’_)
- NN N(KS — ﬂOnO)N(KL — J'E+.7'L’_)
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NA43

Muon veto sytem
'Hadron calorimeter
Liquid krypton calorimeter

THE SIMULTANEOUS K; AND K¢ BEAMS /

Hodoscope

Drift chamber 4
Anti counter 7

/ Helium tank
‘ Drift chamber 3

Magnet

//

— AKS counter

Drift chamber 2

o ‘ Anti counter 6
Muon sweeping .
N

Drift chamber 1

Eent Crystal

‘ Kevlar window
A\

Nof to scale !
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Muon Muocn ) HEHHH m
Analysis Magnet Filter Veto a5 - HHHT
Photon Veto Detectors - _ SEETiTIEEi
20cm] CSI i : i
,,,,, ¢ I ‘ I I e : SiEsisisd
’ N e . B BEiaissaiciiiy
[ Vacuum Decay Region e a - } -H- ~ 1
KL :—-:: e 1 E =
beams Vacuum Window | e o
—IRegenerator | | s u: i
| A 31
\ [ ]
Trigger : e
e R sodiioopes :
Hadron Veto -
with Lead Wall
1 1 1 1 1 1 1 1 -
120 140 160 180 -
Distance from Target (m) ad -
R PR A E B S EEE ENREE B
1.0 15 14 -1 1.0
152
= H H —] g
llﬁg sl e=F
unE - I ~go2TmTTT 1T
e
- g =2soo4l 1] |
DT I 1 -
as : 107
v o | '_l_ H || - l I
1.5 E -
BT T T T Y Y Y T T T T Y Y Y Y IR I Y Y N N B
1049 2 0 190 81 2
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Regeneration B
O'Kn’ OEp > O'Kn’ OKp

K = (ds)
— = = (uud), n = (udd
KO — (dS) p (uu )7 n (u )
material = p and n
Ky | K, and K X
K®)-[K")

Can you demonstrate this?
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Measure

mtre” and ni'nY at the same time: NSO = Ng NEO =N~

NA31, NA48
: 00 00 - —
K, is regenerated from Kg: N =rNg , N|" =rNg
E731, KTeV

No normalization 1s required,

but efficiencies, acceptances etc. have to be corrected. ..
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Flavour Physics
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Re & #0
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Charm discovery

1971
emulsion exposed in
Prog. Theor. Phys. Vol. 46 (1971), No. 5 a JAL Jet cargo plane
A Possible Decay in Flight f
of a New Type Particle one event o
0
Kiyoshi N1U, Eiko MIKUMO X — 1 + one charged hadron
and Yasuko MAEDA¥*
Opcharged 0
Institute for Nuclear Study hyp 0. T Tp
University of Tokyo T(s) 2.2x10714 3.6x10714
*Yokoh National University
oo T M(GeV)  1.78 2.95

August 9, 1971

Possibly, the first observation of D—Kmnt" decay in 1971

More established discovery was c-¢ bound states in 1974
by J.J. Aubert et al. and J.-E. Augustin et al.
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J.J. Aubert et al.

Experimental Observation of a Heavy Particle J+

J. J. Aubert, U. Becker, P. J. Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen,

J. Leong, T. McCorriston, T. G. Rhoades, M. Rohde, Samuel C. C. Ting, and Sau Lan Wy
Labovatory for Nuclear Science and Department of Physics, Massachusettls Iustitute of Technology,
Cambridge, Massachusetts 02139

and

Y. Y. Lee
Brookhaven National Labovatovy, Upton, New Yovk 11973
(Received 12 November 1974)

We report the observation of a heavy particle J, with mass m =3,1 GeV and width ap-
proximately zero, The observation was made from the reactionp +Be—e¢*+ ¢~ + x by
measuring the ¢ "¢ mass spectrum with a precise pair spectrometer at the Brookhaven
National Laboratory’s 30-GeV alternating-gradient synchrotron,

.
p+Be—ete™+X Pb-glass

M) asall

Beam | —

p Target

double arm spectrometer

Taller de Altas Energias 2010 (31.8-11.9 2010) Flavour Physics
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Augustin et al.

Discovery of a Narrow Resonance in e * ¢~ Annihilation*

J.-E. Augustin,{ A. M. Boyarski, M. Breidenbach, F, Bulos, J, T, Dakin, G, J. Feldman,
G. E, Fischer, D, Fryberger, G. Hanson, B. Jean-Marie,{ R. R. Larsen, V, Liith,
H. L. Lynch, D. Lyon, C, C, Morehouse, J. M. Paterson, M. L, Perl,
B. Richter, P. Rapidis, R. F. Schwitters, W. M. Tanenbaum,
and F. Vannuccii
Stanford Linear Accelerator Center, Stanford University, Stanford, Califovnia 94305

and

G. S. Abrams, D, Briggs, W. Chinowsky, C. E, Friedberg, G. Goldhaber, R, J. Hollebeek,
J. A, Kadyk, B. Lulu, F. Pierre,§ G. H. Trilling, J. S. Whitaker,
- J. Wiss, and J, E, Zipse
Lawrence Bevkeley Laboratovy and Depavtment of Physics, University of California, Bevkeley, California 91720
{Received 13 November 1974)

We have observed a very sharp peak in the cross section for e *e” —hadrons, e*", and

possibly u*u"-at a center-of-mass energy of 3.10520.003 GeV. The upper limit to the
full width at half-maximum is 1,3 MeV,

Taller de Altas Energias 2010 (31.8-11.9 2010)
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Augustin et al.

Discovery of a Narrow Resonance in e * ¢~ Annihilation*

J.-E. Augustin,{ A. M. Boyarski, M. Breidenbach, F, Bulos, J, T, Dakin, G, J. Feldman,
G. E, Fischer, D, Fryberger, G. Hanson, B. Jean-Marie,{ R. R. Larsen, V, Liith,
H. L. Lynch, D. Lyon, C, C, Morehouse, J. M. Paterson, M. L, Perl,
B. Richter, P. Rapidis, R. F. Schwitters, W. M. Tanenbaum,
and F. Vannuccii
Stanford Linear Accelerator Center, Stanford University, Stanford, Califovnia 94305

and

G. S. Abrams, D, Briggs, W. Chinowsky, C. E, Friedberg, G. Goldhaber, R, J. Hollebeek,
J. A, Kadyk, B. Lulu, F. Pierre,§ G. H. Trilling, J. S. Whitaker,
- J. Wiss, and J, E, Zipse
Lawrence Bevkeley Laboratovy and Depavtment of Physics, University of California, Bevkeley, California 91720
{Received 13 November 1974)

We have observed a very sharp peak in the cross section for e *e” —hadrons, e*", and
possibly u*u"-at a center-of-mass energy of 3.10520.003 GeV. The upper limit to the
full width at half-maximum is 1,3 MeV.

and slightly later...

Preliminary Result of Frascati (ADONE) on the Nature of a New 3.1-GeV Particle
Produced in e*e” Annihilation*®

C. Bacci, R. Balbini Celio, M. Berna-Rodini, G. Caton, R. Del Fabbro, M. Grilli, E, Iarocci,
M. Locci, C. Mencuccini, G. P, Murtas, G. Penso, G. S. M, Spinetti,
M. Spano, B, Stella, and V. Valente
The Gamma-Gamma Gvoup, Labovatori Nazionali di Frascati, Frascati, Ealy

and

B. Bartoli, D, Bisello, B. Esposito, F. Felicetti, P. Monacelli, M. Nigro, L. Paolufi, I. Peruzz,
G. Piano Mortemi, M, Piccolo, F. Ronga, F. Sebastiani, L. Trasatti, and F. Vanoli
The Magnet Expervimental Gvoup fov ADONE, Labovatori Nazionali di Frascati, Frascati, Raly

and

G. Barbarino, G. Barbiellini, C, Bemporad, R. Biancastelli, F. Cevenini, M. Celvetti,
F, Costantini, P. Lariccia, P, Parascandalo, E, Sassi, C. Spencer, L. Tortora,
U. Troya, and S. Vitale
The Baryon -Antibaryon Group, Laboratori Nazionali di Fy ti, Frascati, Raly
(Received 18 November 1974)

We report on the results at ADONE to study the properties of the newly found 3.1-BeV
particle.
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Discovery of a third family member
S. Herb et al. in 1977

E288 experiment @ FNAL
Y—=u u

Magnets

Beam

e \ R T N S,

Target
Be

O(l()'”cm’/‘GeV/nuc:leon)

G, I T“r jigy &
Absorber l I HY
. 1 CALCULATED APPARATUS
, > RESOLUTION AT 9.5 GeV
Solid —_-S‘ (FWHM)
Magnets 2 e ' ‘ . ) 1 )
Cls 6 8 0 12
m(GeV)
i
m(w w )

(bb) bound states:Y(1S), Y(2S), Y(3S)
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Flavour Physics

Excellent track record to probe high energy scale
Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)
Very suppressed K; =utu” = SU(2) doublet structure (GIM)

Amy and Br(K; —=utu) = charm mass
CPV and very suppressed B—utu~ = third family, no topless world
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First surprise with the b quark

The b lifetime

JADE
Physics Letters B, 114B(1) (19143) 71

Muons from a multihadron sample were used to determine an
upper limit 1<1.4x107% s (95% CL) on the lifetime of beauty particles.

The data were obtained with the JADE detector of PETRA. The result
is interpreted within the standard model.

e.g. V. Barger et al.

0.8x1071<t<1.4x1071 sec, J. Phys. G 5, L147 (1979)
1.e. general prejudice was |V | = [V
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MAC
Phys. Rev. Lett. 51, (1983) 1022
Lifetime of Particles Containing b Quarks

From a sample of hadronic events produced in e*e™ collisions,
semileptonic decays of heavy particles have been isolated and used to
obtain a measurement for the bottom-quark lifetime of

[1.8+0.6(stat.)=0.4(syst.)]x1071? sec.

Impact parameter distributions

for b—/vX decays. .
High p [
respect to the jet axis

b hadron b-jet
decay point

O: impact
parameter

103

WEIGMTS

B o B
i
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L
L
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Mark 11
Phys. Rev. Lett. 51, (1983) 1316
Measurement of the Lifetime of Bottom Hadrons

The average lifetime of bottom hadrons was measured with the Mark I1
vertex detector at the storage ring PEP. The lifetime was determined by

measuring the impact parameters of leptons produced in bottom decays.
7,=(12.0**°_; +3.0)x10713 sec was found. 40 T

[ impact parameter distributions “[/inb

for b, c—=IvX decays. ?: i___ﬁ\,‘m :

b lifetime is ~10712 sec
IV ,[~0.05, 1.e.
much smaller than sinO¢ ., ~0.2

EWENTS

o

F o

o
<

Opened up interesting possibilities for
B mesons, e.g. oscillations, CP violation |
and rare decays (as the kaon system) W0 a5 0 08 W

IMPACT PARAMETER i
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)

Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; =utu”) = charm mass
CPV = third family

Amyg and top mass
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History ot m,

UAL, 1984
pp—=W+X | et
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Taller de Altas Energias 2010 (31.8-11.9 2010)

Flavour Physics

T. NAKADA 48



History ot m,
UAI, 1984

. Volume 1478, number 6 PHYSICS LETTERS 15 November 1984
pp—W+X et
/' J
W*—tb
I ASSOCIATED PRODUCTION OF AN ISOLATED,
blV LARGE-TRANSVERSE-MOMENTUM LEPTON (ELECTRON OR MUON}),
\ o t AND TWO JETS AT THE CERN pp COLLIDER
J UA1 Collaboration, CERN, Geneva, Switzerland
T T T S T T T T T T T T
UA1
- - g - -
'.';- A clear signal is observed for the production of an isolated large-transverse-momentum lepton in association with two or
= 42 f"g — E three centrally produced jets. The two-jet events cluster around the W* mass, indicating a novel decay of the Intermediate
Vector Boson. The rate and features of these events are not consistent with expectations of known quark decays (charm,
s fe) bottom). They are, however, in agreement with the process W — tb followed by t — bgr, where t is the sixth quark (top) of
z w the weak Cabibbo current. If this is indeed so, the bounds on the mass of the top quark are 30 GeV/e? < my < 50 GeV/e?,
5 ~So - ls) -
~ ~ & L ]
®
2 "3
o
37, | _
€
L L 1 (-] 1 L L L L L 1 1
6 ‘ 2 1 1 T L T Ll L] T T
EVENTS/5GeV/ ¢ ~ &k -
~
3 6 EVENTS
(=] & 'y 7
) 2 W—stb
GAE 2 h p - m, = 40 GeV/c? .
eope+ 2 )ets = 2
E L I L [] 1 1

O 20 40 60 80 100 1 WG 160 10
Phys. Lett. 147B (1984) 493  m (tv), J,) Gev/é
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History ot m,

W+—tb

UAL, 1984
pp—=W+X | et
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ARGUS, 1987

Y(4S) — B, ’B,’

- B,'B, or B,'B,’
— ("ITor V"
24.8+7.6+3.8

Am(B,) ~ 100 x Am(K")

Volume 192, number 1.2 PHYSICS LETTERS B 25 June 1987

OBSERVATION OF B'-B° MIXING

ARGUS Collaboration

Using the ARGUS detector at the DORIS II storage ring we have searched in three different ways for B'-B" mixing in T (4S)
decays. One explicitly mixed event, a decay T (45) —=B"B", has been completely reconstructed. Furthermore, we observe a 4.0
standard deviation signal of 24,8 events with like-sign lepton pairs and a 3.0 standard deviation signal of 4.1 events containing
one reconstructed B(B") and an additional fast 87 (£~ ). This leads to the conclusion that B'-B" mixing is substantial. For the
mixing parameter we obtain r=0.21 £ 0.08,

Phys. Lett. B 192 (1987) 245
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History ot m,

UAL, 1984 ARGUS, 1987
PP—=W+X | et Y(4S) — B,'B,’
W+ tb — B, By or B, By’
L >bv — ("Tor (1
et 24.8+7.6+3.8
S Am(Bd) ~ 100 x Am(KO)

e
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History ot m,

UAL, 1984 ARGUS, 1987
PP~ WX et Y(4S) — B, ’B,’
N 0 0 1 05 0
W%tlb eBd]?_d+QrB£113d LEP
—>blv | — (forl electroweak fit
™~ jet 24.8+7.6+3.8 150~210 GeV/c2
—g [Tt Am(Bd)~100xAm(K0)
L UA 1 } kﬁ
:@i % % 1995
;*, : : 5 CDF
"0 130~50 GeV/e 4 17528210 GeVe?
L - L /
ev:ms;suevzfc' w sk T ) DO
e T T 0 cevie
Phys. Lett. 14713“(1984)“4932 . III;J ]m: n;\?/a‘lo - Phys. Lett. 1;192(1987) 245

Taller de Altas Energias 2010 (31.8-11.9 2010) Flavour Physics T. NAKADA 52



Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)

Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; =utu”) = charm mass

CPV = third family

Amg = top mass
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)

Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; =utu”) = charm mass

CPV = third family

Amg = top mass

NB: before observing directly ¢, b or t
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)

Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; =utu”) = charm mass

CPV = third family

Amg = top mass

and v oscillations
Discovery of v : two neutrinos have been considered by e.g.

Sakata&Inoue(1946), Schwinger (1957), Nishijima (1958),
Konuma (1958), Kawakami (1958), Pontecorvo (1959),
Oneda&Pati (1959), Lee and Yang (1960)

-motivated by the headron-lepton unification attempt
-to explain the absence of u—ey (via e“vv™)
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)

Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; =utu”) = charm mass

CPV = third family

Amg = top mass

and v oscillations
Discovery of v,: BNL spark chamber experiment

OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS™*

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N. Mistry,
M. Schwartz,T and J. Steinberger

Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York
(Received June 15, 1962)
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Almost simultaneously, neutrino flavour mixing

Progress of Theoretical Physics, Vol. 28, No. 5, November 1962

Remarks on the Unified Model-of Elementary Particles

Ziro MAKI, Masami NAKAGAWA and Shoichi SAKATA

Institute for Theoretical Physics
Nagoya University, Nagoya

(Received June 25, 1962)
Y1=Y,C080+Y,sind
# ’ } (0 : real constant) (2-4)

Ys= —Y,sin 0+, cos 0.

NB: Pontecorvo proposed v-v mixing in 1957, analogous to
the KY-KY oscillations discovered in 1955
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)

Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; =utu”) = charm mass

CPV = third family

Amg = top mass

and v oscillations
Discovery of v: 1962, Lederman-Schwartz-Steinberger et al.

Neutrino mixing by Maki-Nakagawa-Sakata in 1962
NB: one year before the Cabibbo mixing,
12 years betore the charm discovery
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)

Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; =utu”) = charm mass

CPV = third family

Amg = top mass

vV mixing pattern

v oscillations now seen by, Davis, KAMIOKANDE, IMB, SNO
MACRO, KamLAND, T2K, MINOS, and finally OPERA
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Flavour Physics

Excellent track record to probe high energy scale

Particle (K°)-antiparticle (K°) mixing: also oscillations K°,_,—K?O(z)

Very suppressed K; =utu” = SU(2) doublet structure (GIM)
Amy and Br(K; —=utu) = charm mass

CPV = third family

Amg = top mass

vV mixing pattern = may be heavy neutrinos?

= may Majorana component?
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Quark Flavour Physics Experiments

General observation

Hadron machines have been “discovery” machines,
e.g. charm, beauty, W, Z, and top
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Quark Flavour Physics Experiments

General observation

Hadron machines have been “discovery” machines,
e.g. charm, beauty, W, Z, and top

CP violation 1n the kaon system mainly studied at hadron

machines
plus some contribution from KLOE
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Meson mixing and oscillations

The time evolution of a system with the neutral particle state, |P),
and anti-particle state | P ), can obtained by solving a Schrodinger eq.

i%\zp(t» =(H,+ H,, + H,,)y(t))

where, H, and H, , are the strong and electromagnetic interaction
Hamiltonians and H, 1s the weak interaction Hamiltonian. The
general time dependent wave function is given by

w(t))=a(t) P)+b(t) P)+ ;Cf(t)‘f )

)is decay final states of P and P generated by the weak

), |P),and |f), are the eigenstates of the
strong and electromagnetic interactions, P) and | P) are at rest (not
suitable for the neutrinos.)

(Hy+H,, ) f)=E;\f) (H,+H,,)P)=mP), (H +H,,)P)=m|P)

F‘P>=+‘P>, F‘ > ‘l_)> F: flavour
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where,




Note that: ,
a(t)] : fraction of P, |b(¢)” : fraction of P, ‘cf(t)‘ : fraction of f
at a given time t

Initially at =0 Due to decays, >0
a(0)’ +b(0) =1 a(t)] +b(r)” = decreases
c; (O)‘2 =0 cf(t)‘2 = increases
while,

-

a(t)” + (o) + ;‘Cf ()

unitarity of Hamiltonian.

Usually, we are interested in a(¢) and b(¢) only.
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After applying the Wigner-Weiskopf approximation (i.e. ignoring
weak interactions between the different final states f), and perturbation
method (i.e. H, <<H+H, ), a(t) and b(¥) become the solution of

. 0 a(t)= a(t) _ _i' _ M, M, _i. I, I,
lat(b(f)) A(b(t)) A=M ZF (le Mzz) 2(F21 Fzz)

- Diagonal elements of mass (M) and decay matrices (1)

M, = mq +<PHWP>+EP(<PHWf><fHWP>

f m -E f P: principal value
My, =my+(P|Hy|P)+ P (P|Hy!|f){fIHw|P)

f my—E,

f’s can be both virtual and real states.
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T, = 2n§‘<P\HW\ £ 8(my - E,)

T, = 2;:;\@ Hy|f) 8(my - E,)

f’s are all possible real decay states, due to the delta function,

1.e. I''s are decay widths. .
Can you prove this?

CPT conservation
=M =My, =My, I, =15, = Fo,i-e-An =A22 = Ao

Therefore, the diagonal elements are generally assumed to be
identical

NB: The following relations could be usetul...
CP\P)=¢'%|P), CP\P)=¢"'"P)
T|P) =0 |P), T|P) = |P)
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- Off-diagonal elements of mass (M) and decay matrices (1)

M, =<PHWP>+EP(<PH f>_<j; W‘P>

f’s are both virtual and real states commonly accessible from P and P
Ly =273 (PHy|f)( fiHy|P)o(mo - Ef)

f’s are real decay sjiates, common to P and P.

Since M,, =M,;,, I,, =TT,

M =M,T =TI'butA'=M~-il]2)' =M +i[2# A

= la(?)I* + Ib(?)I? : not conserved
Can you prove this?

CP (or T) conservation = Im(M,,/I}, ) =0,1.e. A, =1A,l
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Solutions for a(?) and b(¢) with an initial condition, P is produced at

t=0,1.e.a(0)=1,b0) =0, gives Can you prove this?
| Y R L Zine —ine\p
‘P(t)>=§(e My e )\P>+§§(e Ml _ gt )\P>
= f.(t) P)+Cf (1) P)
L Zine o —ing
fi(t)=5(e Mg oI )

A, =Ag£rJApAy =m, —éri

m, =ReA, mass
I'=-2ImA, decay width

are eigenvalues of A

Am=m, —m_=2Re\A,Ay = 2Re\/(M12 _;Fu)(Ml*z _lrfz)

2
Al =T, -T_=-4Im+/A,A,, =-4Im \/(M12 - ;rlz)(M;; - ’r;;)

2
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This can be also written as

)= (Peap)+ S (P)-5P)

_ A1+ ‘C‘z (e_M*t‘P+> + e—ik_t‘P_>)

2
1

P.)= (P)=EP))
A1+ ‘Z,’ ‘2 S
quantum mechanics state mixing
are eigenstates of A with definite masses, m,, and decay widths, I,

l

;= ﬁ= M12‘2F12
A l
12 M12_2F12

P, and P_ decay exponentially
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If CP (or T) 1s conserved,
NB: sin[arg(M ,/1, )] =0,1.e. Al =1A,l

A
gi= a2 -1
A12

and
\Am\ = Z‘Mlz‘
‘AF‘ = 2‘F12‘

Can you prove this?
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Oscillations between P and P

Probability for the initial P remains as P at a given time ¢:

1

PIP() =11, -

( B, Pk cosAmt)

Probability for the initial P oscillates to P at a given time 7:

(P| ‘ = &f (1) ‘C‘ ( +e —2¢ " cos Amt)
F=I‘++F_, Am=m_—-m,
2
Often quoted parameters, x and y
Am IL-I_ AT
X=—, 2y = — =
I I I
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K system: mass eigenstates are K; and Kq
Ky almost CP=+1

I's=571xI'), Am =m; —mq=0474xI'q

Kaon system with a

Iimit of CP conservation
A /

I
Am _2Am AT Im *
X = ~ 1, Vy=—= 1
r T T ;
‘\/ Re
—
M12

0 .
Disystem: 003, y=7x10"
0 .
Bisystem: 0776, y<009  Recall
CP P)=
Bs system:

x=25.5,y=0.06
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Flavour Physics

CP=+1 state 1s lighter
and decay faster

¢'"|P), CP|P)=¢"'¥|P)
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For your information

A 7
7
Im L) Im g
. M, ; M, ,
/// Re Re
4 I
1
CP=+1 state 1s heavier CP=+1 state is heavier
and decay faster / and decay slower
A J A 7
7
Im I Im .~
//
7
» / »
Re Re
1—‘1
M 12 M 12
CP=+1 state is lighter CP=+1 state is lighter
and decay faster and decay slower
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Similarly, solutions for a(¢) and b(¢) with an initial condition, P is
produced at r =0, 1.e. a(0) =0, b(0) = 1, gives

)= oL 0)P)+ £ P)

A1+ ‘C‘z (e—iA+t‘P+> _ e—i)»_t‘P_>)

28

Direct CPT violation observable: B B
Rates of P at 7 =0 remains P at < of P at 7 =0 remains P at ¢

Direct CP and T violation observable: B
Rates of P at r = 0 oscillates to Pat r & of P at r = 0 oscillates to P at ¢

2
<}_"P(t)> g o (t)‘2 = %(B_FJ +e —2¢ " cos Amt)

PO =0 =
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Time dependent T and CP asymmetry: A(7)
_PIP(e)) =[P p(r)
— 2 — 2
\<P\P )|+ (PIP())

£ =P )
E‘ \ )" -2l ()
@) eI
o L) +EP ()
1-jg°
1+\§\4

A(t) #0 = observation of T and CP violation in P-P oscillations

done for the neutral kaon system
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Identification of the initial state:

Initial state at # =0: pp annihilation at rest

KK #*
pp {KOK+J'L'_
0 (e - _(ti
S_0 S_0 K_(fs) K™ =(us)
K’ =(ds) K*=(us)

Accompanying charged kaons indicate the flavour of neutral kaons.

K'a~—-K’, Kzt —-K"°
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Identification of the final states:

Semileptonic decays are used to directly measure this...
1.e. flavour specific decay modes

Ag = As rule )
A 14
R R
S u S > u
d - d d « d
K’ T K’ Tt
qg=0 qg=-1 qg=0 qg=+1
s=+1 s=0 s=-1 s=0
Ag =-1 Ag = +1
As =-1 As = +1

final states are specific to the flavour,
1.e. the particle and the anti-particle

(no hadronic decay mode available for the neutral kaons)
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VL
2
e = A2 (P v (py) 7 (py) H K
phase space
—_ J.E_
£ e } ﬂ CPT
%
_ _ . —o\%2 . Si th
[ dQ (0 (-p)ug(-p)a* (-ps)Hy K)o Sineethe
phase space n Interactions
o\ ¢ between the
= dQ (" (p)v *(p3)HyK’
Phasg:fspace out< (pl)UR(pz)ﬂ: (p3)‘ W‘ >‘ final states
-T are weak,

- +
U"V,em
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CPLEAR experiment

Magnet coils At supportrings

mE [ Y )
|y |l
ST
T e — DC
: Eeam m{nmr , target 58
200 MeVE_ - ‘ﬁﬁ-' T
T,,;,
N
Streamer tubes -
— 7
[] i%.l
= = =

pp = K z*K’
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[aQ v, ™ |H[KO(6)) - [dQ 00" |y [KO(r))
[aQ v, 7 [Hy K1) + [ d| vt Hy KO(1))

A;=(6.6%1.6)x107
£=0.9967 £0.0008 =1

Small CP and T in K-K oscillations
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Now, including 9, (CP violating K, decay lepton charge asymmetry),
1-¢/=(3.28+0.12)x107°

* i b8
My, = L
From ¢ = ; and measured Am and AI'
M,, - T
127 501
sin(arg M, —arg I}, ) =(6.57+0.24)x107°, ie. Im(M,/T},) <<1

M, and I}, are not exactly back to back

= even with CP violation
|Am|=2IM ,| and |IAT1=2II",| are still good for the neutral kaons.

Can you prove this?

NB:

For the B system, |I'},l/IM,,l<<1, with the SM (and smaller if exists
new physics). Even with CP violation, IAm|=2IM,| 1s a good
approximation and IAIl = 2| I}, {cos [arg(L,/M,)]} |
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For your Information

Im , P
I‘12
2 Re S . W __
s — _ t
(675 £024)1033 "My, d Jew ¢

Base of the CP violation in the oscil]ations
In the CKM scheme: [y <V, V, e?

2

Gg 2 2

My =—55 f B mg myy
127

2 2 .
) [%77150 (XC ) t A’t T’ZSO (xt) + A’CA’tTBSO (XC , Xy )] el(f[ )

_ % _ * n,=1.38+0.20
)\'C = Vcsvcd ) )"t - Vtsvtd n,=0.57 =001  QCD corrections

x.=(m.J/my)?, x=(m/my)* 17, =047 +0.04
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Most general case...
Time dependent decay rates for a final state f.

Iitially P R,(r)= £ H, P(t) _Aé eI ()1 (1)
(t)—(1+ L, }cosh%t+2ReL smh%t

I (1) =

+

If(t) = (1— L, 2) cos Amt +21Im L; sin Amt
/

Initially P~ Re(t1) = fH, P(1)" = ¢
Time dependent decay rates for a CP conjugated final state f.

Initially P R.(7)= 4 e‘rt{lf(t) + If(t)}

w? + L=cy
Initially P Ry(t) = e e i) -1 (1)} Ag
CP conjugation  R;(¢) <> R:(¢) and R-(z) < R;(¢)
T. NAKADA 84
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For hadronic decays of the neutral kaon system, f can only be a pure

CP eigenstate, such as w7~ (or a mixed CP eigenstate as st n):
f=f=fCP

In the case for the neutral D and B systems, { can be
f=f={CP
D—ntn, KtK™
B—ntn, JAPK,, etc. B,—K*K™, JApp (CP=+1 and —1), etc.
or non CP eigenstates:
DO — Kt < DO one amplitude is
c—s+WHud) c—deW@s) Ve suppressed than others

B — DK+t < B? .
s s s both amplitudes are
b—c+WH(us) b—u+W-(ud) similar size

In the case of the neutral B system, there exists flavour specific
hadronic final states (a la semileptonic decay):

B—Dn*, B'—=D_ "+, etc. ideal for the oscillation study
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For CP eigenstates, Accr

LfCP = C
A 7 fCP
Initially P R (T)= f; e'r{lfcp (7)+15 (r)}
117 (v) = (1+[Lya " cosh(yr) + 2Re L sinh(y7)
I (T)= [1 —|Lcr 2)Cos(xr) +21Im L; sin(x7)
_ - Ao’ (o, e
Initially P Re(T)="" e'T{I+ (7)-1_ (r)}

- 2
28
7= t/T" time in the unit of the average lifetime

K:xand y = O(1)
B4 y=0,i.e.cosh =1 and sinh = 0, CPV in oscillations ignored, IC| = 1

B,: y < 1 but not ignored, CPV in oscillations usually ignored, ICl = 1
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CPYV 1n the oscillation
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CPV 1n oscillation-decay inter play

o/

»

¢f. (1)
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* i
a,*e'

CPV 1n decay
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CPV 1n oscillation-decay inter play

CPV in the oscillation CPV in decay

Taller de Altas Energias 2010 (31.8-11.9 2010) Flavour Physics T. NAKADA 90



Quark Flavour Physics Experiments

General observation

Hadron machines have been “discovery” machines,
e.g. charm, beauty, W, Z, and top

CP violation 1n the kaon system mainly studied at hadron
machines
plus some contribution from KLOE

Charm mesons have been successfully exploited by
both fixed target hadron beams and e*e™ storage rings
plus some contribution from CDF and DO
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After the the discovery of Y resonances (bb S states) by hadron machine

For many years, B meson study had been dominated by
DORIS, CESR, VEPP and LEP

1.e. at ete” machines

Experiments at hadron machines, fixed target, were “limited”

CERN: Beatrice FNAL:ES866/E789/E772,E771
b cross section measurements (with large error bars)
— simply not enough b’s and too small o,/0

inelastic

The success of e*e™ machines continued by PEP-II with BABAR
experiment and KEKB with BELLE experiment.

Tevatron experiments (CDF particular) become competitive in some
area, e.g2. CPV in B,—J/pKg, and has recently made some unique

contributions, i.e. Am, measurements, and study of CPV in B,—J/p¢

and B-B oscillations
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Agreement with the SM

Ve Vi V) [ 1-%2 A AR (p-in)’
ud us ub 9.5 5 5
Va Vi Vool \AX(1-p-if) -AX -iAd'n L
1-5 L IeXLIu;edlmela hals CIL >lo.gl5 ! 11 l%él 17 il I Sl l | L |
- ) %’9 E . .
= s . Unique (p, M) s.olutlon
“sini2p | Data look consistent
0.5 — % Amd Y
[ & ¥ ]
e f X .
: s I UbISL :
-0.5 —— |VUb I‘cv y —E
1.0 - ‘ €y —_
=TT T
_1.5 i e o] I o [ l JEN S | I | | I L1 . l (b | ]
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
p
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Expanded view...

<

1=

N
%

0.1 : : X ‘, _ ///

S
1

1 1 1 1 1 - 1 v f R
-0.4 -0.2 0.0 0.2 0.4 0.6

sin 203, v, IV, |.,, o: experimental errbrs dominate

IV ilsp » Am, g soft QCD errors dominate: help!!!!
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Then...
Standard Model diagrams

Tree level decays Penguin level decays Box level decays
b
e Swo
u = d g t q l Q9
c s, d ds . w Tl al
S u
b Cc,u
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Then...

Standard Model diagrams + new physics

Tree level decays Penguin level decays Box level decays
b,s W
o W g s W d | T gl
t A
s LYY e
b
unchanged + new particles

Phases il

Lorentz structure rof the amplitude modified
Absolute values
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Since I will talk about LHCb...

* Change of the phases:
Larger CPV
in B-B oscillations, B.—=J/p¢, B,—¢0, ...

e Change of the Lorentz structure:

— Different angular distribution of the vectorial final states,
e.g. u* forward-backward asymmetry in B,—K*utu-, etc.

— Photon polarization in the radiative decays, e.g. CPV in B,—¢y,
e* forward-backward asymmetry in B;,—K*Yete™, etc.

e Change of the magnitude
Larger branching fractions for rare decay
B,—utu (recall K; —=utu)
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Status now )
* BBABR 433 b Y(48)=~500MBB . . ..
Belle: 720 fb! Y(4S) = ~800 M BB ' 1t StALSUCS

e Tevatron
CDF and DO continue to take data
~7 fb~!/experiment collected
~10 fb~!/experiment or more by the end of data taking?
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LHC running, LHCDb collecting data
« November 2009, Vs = 900 GeV collisions took place
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231 November 2009

* First collisions took place at LHC
¢ 2009 run: [Ldr=7 ub™, at Vs = 900 GeV

10

23.11.2009 17:59:29
Run 62558 Event 278

. [mbAGeV/cl)

i—&

| 4,
Q S

—4— LD pp OGN 25<y< 4D -2
© UAl pP &30GIV -25<n <25 -
(OF pp &0GWV -10<y<1D

(OF pP 1300GH -10<y<10
© UAS pP SM0GWV -35<y<iS
A A l A A A l A A l A A l A A A l A A A l A A l l A

d'o

I LI R |

o
e
=

0.2 04 06 0B 10 12 14 16
p, 1GeV/q

One of the first event K" cross sections
to be published in PLB
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LHC running, LHCDb collecting data
e November 2009, vs = 900 GeV collisions took place

e Since March 2010, running at Vs =7 TeV
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Impressive progress in L

Peak luminosity Integrated luminosity
already ~103'cm™g™! already ~3 pb™!

[ Peak Instantaneous Lumi over Time at 3.5 TeV |  [2010-08-29 06:00:09]| LHCb Integrated Lumi over Time at 3.5 TeV | [ 2010-08-29 06:00:09

g
|

P S . S S S S TS — :

:

.........................................

Deadtime (0.¢
DAQ (3.4°%

Velo S

: HV (1.
1500 ....... ................. ..............

Integrated Luminosity (1/nb)

g
o

Peak Instantaneous Luminosity (Hz/ub)

PR R T < A I A P i |

60 180 200 220 240 100 120 140 160 180 200 R
Days since 1 January 2010 Days since 1 January 2010
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LHC running, LHCDb collecting data
e November 2009, v's = 900 GeV collisions took place

e Since March 2010, running at Vs =7 TeV

— Ny buncn =10 < already nominal value

- fF=35m < nominal 0.55 m for
103 cm™s7!

— Rpynch = 40 < nominal = 2808

— L=1x10°" cm™s7! & nominal = 103* cm™g™!

— Experiments >90% DAQ efficiencies
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LHCDb 0,5 measurements
b detection from b—D(K nH)u X

Inclusive D:

- b A L ' L L L . ' . A A o ' . . L

< 1200 N,y = 12284 + 135
%’ Preliminar m, = 1862.559 + 0,094 MeV
= 1000 y o,= 7.14 + 0.56 MeV
o~ \s =7 TeV Data o.fc, = 1662+ 0.004
" f,= 0.40+ 0.16

)

bt

c

@ 600

>

w

o 1 M 2 o 2 1 2 2 2 o 1 2 2 o o 1 2
1800 1850 1900 _ 1950
m(K*) (MeV/c?)

Clean D signal with hadron PID
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LHCDb 0,5 measurements
b detection from b—D(K ") u X

——
Inclusive D: — HEh
I I 1000}~ -
‘clomlvnavlt?d by t'he‘: prompt production | Prompt Preliminary
~ ' L L T T \'S = 7 TeV Data
21200 LHCb Nvonl' 12284 + 135 - 800} N
> Preliminar m, = 1862.559 + 0,094 MeV] ©
= 1000 7 TeV D y a,= 7.14 + 0.56 MeV = [ ; 1
~ \s =7 TeV Data o,/a,= 1.662 + 0.094 £ 600} -
< 800 f,= 0.40+0.16 o f | DfB )
@ w
S 600 e }
>
w [ |
400 200}~ : :
200 [ M*
0 e ) ~] m#f **' ”"l
= 2 . 2 2 o 2 1 . o " #n L 3 3 1 4 T IT L ,*g: Il 1
1800 1850 1900 1950 -6 -4 -2 0 2

m(KT*) (MeV/c?) In(DO IP/mm)

IP(D from b—D) > IP (prompt D)
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LHCDb 0,5 measurements
b detection from b—D(K nH)u X

Adding w with a right sign enhances D from b:
e.g. B-—=DY(—=K nH)u™X [B—D%—K*n")u"X only through DCSD]

— ~ - ™
W d Tt Y K
b // Y% // u < ,/‘<]dl >
L » C £ » S L >
_B~ DO_ - K- — T
u ¢ u ¢ u < u
- x (0.222 Y
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LHCDb 0,5 measurements
b detection from b—D(K ") u X

Adding w with a right sign enhances D from b:
e.g. B-—=DY(—=K nH)u™X [B—D%—K*n")u"X only through DCSD]

with right sign muons with wrong sign muons

—ee T
Preliminary - DfB

o
o

T+ L a s
Preliminary

H

0N
E-N
N

© - Vs =7 TeV Data ~ 40 \s = 7 TeV Data
o 35 2 35 :
~ 30 = 30 sidebands
i 0
= 25 e i
§ Lo /r z Prompt
i : 3

16 rompt

10 i y-sidebands

5 “‘- ' n.....--l..,, \

0 » AP T BEPELTTIN R

-6 -4 -2 0 2 . -
In(IP/mm) In(IP/mm)
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LHCDb 0,5 measurements
b detection from b—D(K ") u X

[L dt=25nb! data

50
® Theory | Nason, Dawson & Ellis
40 -
A Theory Il Nason, Frixione,
Mangano & Ridolfi
dg 30
d " 20 - Theory
(ub) uncertainty
10 4
0 L] Ll T T T T T 1
2 3 4 5 6
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LHCDb 0,5 measurements

b detection from b—J/pX

o~ t B L) S S
£1000 J LHCb ]
% - Preliminary -
= 8 + VE=7ToVData |
© 800 | -
- . | | L=142nb -
® [ $ | |
£ soo[ K :
® ! ]
> ; |
w T $
400; ‘1" .I.' K
:&ﬂ%%%; '
200 W ity 5]
o
2800 3000 3200 3400
M(u*p) (MeV/c)

Clean u*u™ mass distribution
with [L dz = 14 nb™! data
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LHCDb 0,5 measurements

b detection from b—J/pX

proper time distribution of J/a
prompt J/a

JAp from b

>» T
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LHCDb 0,5 measurements

b detection from b—J/pX

proper time distribution of J/a

prompt J/4 with detector
resolution

JAp from b

negative proper time important for studying resolution
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LHCDb 0,5 measurements

b detection from b—J/pX
proper time distribution of J/Ap combinatorial
prompt JAp with detector background
resolution with

prompt tracks
and b tracks

JAp from b

negative proper time important for studying resolution
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LHCDb 0,5 measurements

b detection from b—J/pX

Proper time distribution with [L d¢f = 14 nb™! data

| side band
L L B EEEEE TR UDAN SRR

3 LHCb Tatal

o 10° Preliminary ‘ Bzcakgmund

S Vs =7TeV Data ! B Prompt Jy

£ 10° L =14.2 nb™’ Jiy from b

S 1 Yo

o 10 .
Jhp with a long : w i f
proper time |

1

due to b-hadron 10 ‘” “Ilh
decays L e T T T R T T T

t, (ps)
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LHCDb 0,5 measurements
LHCb o,z from b—D°uX and —J/pX

Dy —— 2<T]<6
LEP frag fractions Jy I +——+ 4
(77.4+4.0+11.4) ub  Average | —o—
D° T} I +—@—+
Tevatron frag fractions  Jjy } ——i
(88.3+4.5+13.0) ub ~ Average ; +——t
Theory MCFM ¢
NFMR
0 20 40 60 80 100 120

o(H,/2) (ub)
G, in 47 =292 + 15 + 43 ub (with LEP B /B /B /A,)

—agree with the Pythia used for the performance studies
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LHC running, LHCDb collecting data
e November 2009, vs = 900 GeV collisions took place

e Since March 2010, running at Vs =7 TeV

— N =10 & already nominal value

- ff=35m < nominal 0.55 m for
10°* cm™s71

— Npynen = 40 < nominal = 2808

— L=1x10%" cm™s7! & nominal = 10°* cm™?s™!

— Experiments >90% DAQ efficiencies

— Current plan for this year

Npuncn = 40 steadily increased to 384
L =103 cm™s! = 1032 cm™s7! (~0.2 pb~!/10h fill)

e 2011: [Ldr=11b"! goal to be achieved by running with a
slight improvement (~2 in the luminosity) by further
decreasing * and/or increasing the number of bunches.
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LHCb how about B,.—J/¢?

1, . LH Qb - bkgd_yield = 421854 = 849 E
%1 0000 C Prelim inary peak_yield = 135140« 658 | _
= [ \/s=7 TeV Data i
< - -
o 8000 " .
g X .
@ 6000 — —
= - -
d>) = ]
w 4000 -
2000 -
0  wsni WP, R .

1000 1010 1020 1030 1040
m,, (MeV/c?)

Nice ¢ with kaon
1dentification
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LHCb how about B —>J/1p(1)‘7

— T T T
‘l, : LHCb bkgd_yield = 421854 849 :
31 0000 " Prelimi inary peak yield = 135140+ 658 | _|
= [ \/s=7 TeV Data ]
< - .
o -
< ]
m —
L -
[ =
Q ]
> —
w -
b l L L L Il ]

e
1010

1020

1030

1040

m,, (MeV/c?)

Nice ¢ with kaon
1dentification

¢ 1s also used to calibrate P

with one kaon identified

NB: flavour-tag with kaons
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LHCb how about B,.—J/¢?
B, —J/p¢ candidates with [L df = 140 nb~! data

LHCb
Preliminary
V& =7 TeV Data

lllllllllllllllllll
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LHCb how about B,.—J/¢?
B, —J/p¢ candidates with [L df = 140 nb~! data

||;|~| $b . t>0.30ps
renminary [
\[§=7T9VDa!a 6: LHc.b )
- Preliminary Noygnu =7 =4

— Ve =7 TeV Data

L
TTT 7T

Events/ ( 26 MeV/¢?)
4}

6 8 It(';;)o
;‘“'E‘ h LHCb
§ i Preliminary
§10L-— WS ENeN et m(-llqﬂ(lle\”c’)
3 [ <op>=0.073 ps
[] Yield agrees with the MC

HW ,. w H[“ | performance expectation of ~7

Ll
-1 0 1 2 3 4 S
t(pa)
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LHCb how about B,.—J/¢?
1o error for CPV in B, —J/p¢

0.5

opge) (rad

0.4

0.3

0.2

0.1

| «— CDF@FPCP2010.5.2 fb”
B LHCb preliminary 7TeV; o(bb)=292ub
— Uncertainties on o(bb)
_‘ and BRvis(BY—JAp$)
0 -.l.llu.lll.l.l..l.l....l.l.ll...lll.l.ll.l.l.“.
0 01 02 03 04 05 06 07 08 09 _1

Integrated Luminosity (fb™)

1 fb™! of data expected by the end of 2011
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LHCb how about B,.—uru™?

Of course we see currently no serious background, but
can validate analysis method with data by comparing
with MC; — They agree well!

o =
= - LIICb 2010
- - Data K
g 0.05 preliminary g
2 - . + MC K_
5 04k Muon miss ID
= ~

C—>

0.03F dominated by
o 2 decays in flight

o.ozf ¢« Data: (2.38+0.02)%
: MC: (2.34+0.02)%

o 10000 20000 30000 40000 S5O0

Momentum (MeV/c)
: 1l 1 — N 1 1 ‘
011 —i_‘_*_"_ : o + t |
: . . =
s Selection variable
LHCb
o Preliminary
e Vs = 7 TeV — Data
L —MC
0.04 |—
0.02
. TR
Leseslo oo laspe sty oesloaiaaasspn ittt yrryil
0 01 02 03 04 05 06 07 08 09 1
Geometry Likelihooc i
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can validate analysis method with data by compar
with MC; — They agree well! * .

LHCb how about B,.—uru™?

Of course we see currently no serious background, but

o C
= = LIEICb 2010

- - Data K
g 0.05? preliminary - MC K. s|

E 3 o—
0.03F dominated by
o v decays in flight
ooz2F «+ Data: (2.38+0.02)%
- MC: (2.34+0.02)%
0.01':— g !
0-.- -----------------------
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1 fb™! of data expected by
the end of 2011
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LHCb how about B,—K*uru?

With 1 fb™! LHCb expects 1200 events

02 4.0c SM exclusion

m -0.23 0l  BaBar
<
LHCb expected
_0.4 PP E PP
L 2 T
0.6 Bel!e
25 2 4 6 8
q°(GeV’)

If the current BABAR and Belle results are correct, LHCb
could exclude SM prediction with 40 significance
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LHCDb how about B—hh?
B,—K=*n" candidates with L dr = 122 nb™! data

u= 5.279+0.014 GeV/c?

G = 0.042 +0.010 GeV/c>
N_sig= 15.1+4.3

-
5

LHCb
Preliminary
\'s =7 TeV Data

-
O

llIIIIIIIIIIIIIIIIIIIIIII

Events / (0.06 GeV/c?)
o

4 ——
2_—‘—‘ —— r s — : r —
0:“""“'"lllllnllnlnnn.l....
5 5.1 5.2 53 54 55 5.6
my, (GeV/c?)
PID, IP, vertex, p, cuts

Agrees with the MC performance expectation of ~16
With 1 tb-1 data, >100k events!

similar improvements for all the other B—hh modes
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LHCb how about charm physics?

Huge number of charms can be detected with LHCb
Initial flavour tagged DY decays:

D**—Dix*, DV—=K*K~ with 124 nb™! data

w
(3]
o

LHCb
300 Preliminary
\'s =7 TeV Data

'+ Nyignat = 1931+ 112

Mass ¢ = 8.067 + 0.167 MeV/c

Entries / (3 MeV/c?)
N
S

o~

0 2 2 2 2 2 2 2 2 2
1800 1850 1900
my, (MeV/c?)
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LHCb how about charm physics?

Huge number of charms can be detected with LHCb

Initial flavour tagged DY decays:
D*+—>D07|:+ DO—>K+K with 124 nb 1 data

w
(3]
o

< 600pT— ————————
N o = 1931+ 112

Mass ¢ = 0.58 + 0.06 MeV/c?
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\s =7 TeV Data

LHCb

+ Ngignai =1931+ 112
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\'s =7 TeV Data

(3
(=]
[=)

200
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Huge statistics to study CPV from the decay time
distribution between D% and D°—K+*K", well before

reaching 1 fb! (~15x10° events)  BABAR
~300k events
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LHCb how about charm physics?

Huge number of charms can be detected with LHCb

Initial flavour tagged DY decays:
D**—Dix*, DV—=K*K~ with 124 nb™! data

&:350 |_.|-|C[; < 600 —
& O
> 300 Prelimina + Nyjgng = 1931 112 > Ngjgna = 1931+ 112
[ ry @ 500 signal
E 250 \'s =7 TeV Data = Mass ¢ = 0.58 + 0.06 MeV/c?
T?)
g S 400 LHCDb
@ 200 = Iir-ellmlnary
= @ 300 \'s =7 TeV Data
o 150 =
w 200

100

100
50

0 2 2 2 2 2 2
140 145

PR 1 PR TR T g 2 3 2 1
150 155 1 30
m(KK)"slm, - mKK (MEV/C )

o 2 2 2 2 2 2 2 2 2
1800 1850 1900
my, (MeV/c?)

Huge statistics to study CPV: comparing the decay
time distribution between D?—x+K~ and D'—K*K",
comparing the D° and D'—K*K",

well before reaching 1 fb™ (~15x10° events)
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LHCb how about charm physics?

Huge number of charms can be detected with LHCb
Other interesting DY decays: with 124 nb™! data

< : T
© %F | Heb
2 B80F Preliminary Nygoas = 635 + 38
i 70E- Vs=7TeV Data B
< 60
1))
2 50 /
T
w 40
30§ | +
20E +
oE T4 4t bt
M T T U N o
1800 1850 1900
m,,, (MeV/c?)

Initial flavour tagged
D—=nat
CPYV study with
~5%10° events (1 fb71)
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LHCb how about charm physics?

Huge number of charms can be detected with LHCb
Other interesting DY decays: with 124 nb™! data

T % Lhcb o | T a00f | "LHCb :
E 80F- Preliminary + Nagnas =635+ 38 E 350 Preliminary-i
o 70F Vs=7TeV Data Mass G = 11.48+ 0.50 MeV/c N 300 \i;-,::zvig:ta 3
§ :z . Sr 250
§ a0 4 _§ 200
gl ' ‘} £ 150
20k / 100
10 . % 1 + = 50
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m,, (MeV/c?) m(D° r*) - m(D% - m(z*) (MeV/c?)
Initial flavour tagged Initial flavour tagged
D—mtn” D—Kg ™
CPV study with Bench mark for yq¢y With

~5%10° events (1 fb™1) B—DK Dalitz method
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Current situation with aq; ?

-0.01

- [@DO A,
-« Standard Model
- — B Factory W.A.
- B DO B.—D, uX
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LHCDb how about a’y, ?

How to deal with
-possible B’/ B, production asymmetry in pp 2<n<6
—controlhng detection and background asymmetries to < 1073
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LHCDb how about a’y, ?

How to deal with

-possible B’/ B, production asymmetry in pp 2<n<6
—controlhng detection and background asymmetries to < 1073

Inclusive muon pairs difficult to control systematic errors...
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LHCDb how about a’y, ?

How to deal with
-possible B’/ B, production asymmetry in pp 2<n<6
—controlhng detection and background asymmetries to < 1073

Inclusive muon pairs difficult to control systematic errors...

Time d

ependent B, decay asymmetry
D HK*K 7t vs D (KK )t

production or detection asymmetry from data
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LHCDb how about a’y, ?

How to deal with
-possible B’/ B, production asymmetry in pp 2<n<6
—controlhng detection and background asymmetries to < 1073

Inclusive muon pairs difficult to control systematic errors...

Time dependent B, decay asymmetry
D (K*K ")t vs D (KK mt*)st?
production or detection asymmetry from data

B, and B, time depended CP asymmetries from the same final
ftates: 1.e.
B,—D*(K*K'n*)u X - c.c. and B,—~D *(K*Knt")u X - c.c.
difference depends only on a’; — al;
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LHCDb how about a’y, ?

D+ — K*Kn* and D,;* = K*K ™+

with 124 nb™! data

(\1\ 1 ] ] ] ] 1 ] L] | L]

§ 700 LHCb

o Preliminary
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'd:, 400

]

c

W 300

200

100
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LHCDb how about a’y, ?

D+ — K*K™n* and D.* — K*K*
with 124 nb~! data

Entries / (4 MeV/c?)

Taller de Altas Energias 2010 (31.8-11.9 2010)
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100

) 1800. — .1900. . .2000.
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Expected
statistical errors on

- S — ~d
Ag = a°qp — ag)

6.3x10™
with 1 fb™! of data

Systematic errors still to be investigated
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LHCDb how about a’y, ?

LHCb expected performance with 1 fb~! data
assuming Ag; (LHCb measured) = A°; (DO now)

-0.01F
-0.02}

4L035-

- LHCb MC

4
llllllllllllllllllll

@ -1fb"
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Conclusions

Impressive track records of flavour physics for probing
energy scale far beyond the direct reach:

Major contribution from flavour physics for establishing the
Standard Model. Most recent major contributions have been
made by BABAR, Belle, CDF and DO. (CLEOc, BES, ...)

Current remarkable agreement with the Standard Model
already indicates either,

— New Physics 1s >> O(1 TeV) or

— New Physics has very similar flavour structure to that of SM

“Large” contribution from New Physics still not excluded 1n
the B, sector
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Conclusions

« LHCD starts to take data at Vs = 7 TeV with expected
perfoamance

e LHC luminosity is expected to reach ~10°2, i.e. the designed
luminosity for LHCDb, and collect 1 fb™! of data by the end
of 2011: significant results can be expected from LHCb for
B=Jpo, =utu,

B, —JpK*, CPV in charm, and others

e In 2013, LHC will start at vs = 14 TeV; LHCb, Yo
photon polarization in b—sy, and others.
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Now
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May be a surprise!

LHCb with 10 fb!
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