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Standard Model Flavour Framework

flavour eigenstatetates =
-non-diagonal mass matrix
-strong and EM 1nteractions
-flavour conservation
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b—sy decays and B %-B 0 oscillations
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masseigenstates
-diagonal mass matrix
-weak interactions
-flavour changing
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Standard Model Flavour Framework

* By the early 90’s, the Standard Model model description of
“flavour” through the Cabibbo-Kobayashi-Maskawa mass
mixing matrix established well enough (nuclear 3 decays,
kaon decays, charm decays and b decays, 1n particular with
ex and Amy, with little uncertainty from the still unmeasured
m,), to make a firm statement such as

— If CPV 1s generated by the CKM phase, CPV 1n the
B—J/pKg decays must be observed with >50 within a
few years of I'llIlIllIl%Wlth an asymmetric B factory with

a luminosity of ~10°3cm™g™
— This was the main motivation for asymmetric B factories
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Standard Model Flavour Framework

* For example
~2\/§|8| AmK mg Mg
Im(4) = 425° (Am3)<mx)(;7:>(
N S 5Bs
03( )(fxBx)

[3Bg
fin)

fg was considered to be
~ 110 MeV at that time
Now = 230 MeV

* From “Feasibility study for a B-meson factory in the ISR
tunnel”, CERN Yellow Report CERN 90-02
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Note that the apex 1s in the
second quadrant. Why?

Va/AN
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Some details on Vi,

(- )
Vud Vus Vub
VCKM = Vcd Vcs Vcb
Q/’[d VtS Vt_ly

First 2x2 sub-matrix: four |V;| are measured by
nucleus, pion, kaon and charm hadron decays
It 1s “almost” unitary with one single parameter

A (= sin Opyinpo) = V| =0.2252 £ 0.0009 (PDG 2012)

~ ™

1 A Vi

Ve = |A 1 Ve
Q/td Vts Vt_ly
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Some details on Vi,

a ™
1 A Vi
Ve = |7A 1 Ve
Q/ td th/

V| and IV, | measured by semileptonic B, and B, decays

(41.9 £ 0.7)x1073 inclusive

Vol =1 (39.6 + 0.9)x1073 exclusive 2.00 discrepancy

-errors limited theoretically- (PDG 2012)
wb' TV (323 +0.31)x1073 exclusive ~30 discrepancy
(PDG 2012)

-errors very limited theoretically-
Exclusives systematically smaller than inclusive?

Better QCD calculations needed.
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Some details on Vi,

a ™
1 A Vi
Ve = |7A 1 Ve
Q/ td th/

V| and IV, | measured by semileptonic B, and B, decays
arg V_, =0 by a phase convention
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Some details on Vi,

a ™
1 A Vi
Ve = |7A 1 Ve
Q/ td th/

V| and IV, | measured by semileptonic B, and B, decays
arg V_, =0 by a phase convention
arg V, by CP violation in B—DK
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Some details on Vi,
a’rg Vllb SO Called angle “»Y” or “q)laa
two decay diagrams producing identical final states
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Vi >C
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VCb Vus*
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Some details on Vi,
arg V ub SO called angle “Y” or ccq)l,,
two decay diagrams producing i1dentical final states

u S
A K ,,*<3 K+
‘ >

Vi }C
B- . ¢ -

1_14 u{ u

V V " cd*V
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Some details on Vi,

€¢,. %9

arg V., so called angle “y

b L » C >
_ B _ _
u4 u4 u
b Y >

R
/<
cln Ol

g
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u

or ccq) ’9
1

two decay diagrams producing i1dentical final states
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Some details on Vi,

arg V . so called angle “y” or “¢,”
two decay diagrams Pl‘Oducing identical final states

b d V. V.V *V
_B i .

u ¢ u ¢ u

b —= S

u Pu N
e C +— 3 K
— . ) )
B < S \ d VubV ud VCS
u

Kk g™
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Some details on Vi,
a’rg Vllb SO Called angle “»Y” or “q)laa
two decay diagrams producing identical final states

‘<§K ,,*<§ K

b 4 » C , V V * cd*V
u <B_ u i Interfere
b y > u N K+ — ; CPV
AR C — S (argVub)
B ‘< S R d V. VXV XV

—_— S \ )
u4 uK_ <ﬁ J‘E 3

Br (B"=[K* ] s K7) # Br (B*—=[K ]y 0 K¥)
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Some details on Vi,
arg V ub SO called angle “Y” or “‘1)1”
two decay diagrams producing identical final states

< K- i
P » C o /Cd*vus
_ B |
v U Interfere
What kind of L S PV

b N > u— . 0

_ \\‘ C — diagrams’ * F(argvub)
- B < S /ud Vcs
u ¢ 1_1 K- |

Br (B—[K*r’ K], K¥)

and also

B (B__)[K_nJr]D‘maSS K_) # Br (B+_)[K+TC_]D-maSS K+)
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Some details on Vi,
a’rg Vllb SO Called angle “»Y” or “q)laa
two decay diagrams producing identical final states

[Ql

b — ;* Cd*VU.S
_ B :
U — interfere
What kind of diagrams? - — CPV
b —
F(argV )
B_ ;* ud*Vcs
u+— -

Br (B—[K*K ;... K) # Br (B*—[K*K ... K*)
Br B[]y K7) # Br (B*—= [t ] KY)

Summer Institute 2013, 17-23 August, Korea Flavour Physics, T. Nakada 15



Some details on Vi,
a’rg Vllb SO Called angle “»Y” or “q)laa
two decay diagrams producing identical final states

[Ql

b — ;* Cd*VU.S
_ B :
U — interfere
What kind of diagrams? - — CPV
b —
F(argV )
B_ ;* ud*Vcs
u+— -

Br B = [Kttn ]y . K7) # Br (B =Kty KY)
Dalitz (K¢t*st™) plot analysis needed
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Some details on Vi,
a’rg Vllb SO Called angle “»Y” or “q)laa
two decay diagrams producing identical final states

Pre-LHC average = (68 fﬁ) )° (PDG 2012)

-Determined by the “tree” level amplitude interference
between V_ and V, no “New Physics” effect

-Based on the e*e™ B factory experiments:
BABAR and BELLE

-LHCDb contribution next lecture
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Pre-LHC Status of Vi ¢y

a ™

1 A Vi

Ve = |7A 1 Ve
Q/ td th/

V| and IV, | measured by semileptonic B, and B, decays
arg V_, =0 by a phase convention

arg V, by CP violation in B—DK

Vi, = 1 1f we assume Vi, to be unitary
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Pre-LHC Status of V¢

/‘
1

Vekm = | ~A

Vi

V| and IV, | measured by semileptonic B, and B, decays

d

I
1

\
Vb

u

Ve

C

Vi,

arg V_, =0 by a phase convention
arg V, by CP violation in B—DK
Vi, = 1 1f we assume Vi, to be unitary

IV, 4IxIV, | by BY-BY oscillation frequency (Am,)

V. IxIV, | by B.’-B Y oscillation frequency (Am,)
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B Some details on Vi,
B-B oscillation: dispersive part of the box diagram: M,

b , W' d Am = 2IM | o« IV, 2 IV, ]?
t t =(0.507 £0.004) ps”!  (PDG 2012)
d W b
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B Some details on Vi,
B-B oscillation: dispersive part of the box diagram: M,

b, Wi d, Am=2Ml x BfAV R IV,P
<B0 t t B(> = (0.507 £ 0.005) ps™!  (PDG 2010)

d W b

Bf?: hadronic matrix elements
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B Some details on Vi,
B-B oscillation: dispersive part of the box diagram: M,

b .. W _ d Am = 2IM | & B fAV, 2V, 2
<B0 t t B(> = (0.507 £ 0.005) ps™!  (PDG 2010)
arg =M, = arg (V4" Vyp)* + @

_______________ %

d W b

Bf?: hadronic matrix elements
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B Some details on Vi,
B-B oscillation: dispersive part of the box diagram: M,

b, Wi d, Am=2Ml x BfAV R IV,P
<B0 t t B(> = (0.507 £ 0.005) ps™!  (PDG 2012)

e =My, = arg (Vg Ve
----- WS Am, = 2IM | & Bf2AV, 2 [V,
<Bs0 t t BS(> = (17.719 £ 0.043) ps™* (PDG 2012)
o W arg M, =arg (V. *V,)>+m

Bf?: hadronic matrix elements
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B Some details on Vi,
B-B oscillation: dispersive part of the box diagram: M,

b, Wi d, Am=2Ml x BfAV R IV,P
<B0 t t B(> = (0.507 £ 0.005) ps™!  (PDG 2012)

e =My, = arg (Vg Ve
----- WS Am, = 2IM | & Bf2AV, 2 [V,
<Bs0 t t BS(> = (17.719 £ 0.043) ps™* (PDG 2012)
o W arg M, =arg (V. *V,)>+m

Bf?: hadronic matrix elements

_ -3
Vigl = (8.4 £ 0.0)x10 ) errors are totally theoretical: Bf2
|VtS| — (429 + 26))(10 3 (PDG 2012)
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B Some details on Vi,
B-B oscillation: dispersive part of the box diagram: M,

b, Wi d, Am=2Ml x BfAV R IV,P
<B0 t t B(> = (0.507 £ 0.005) ps™!  (PDG 2010)

1 G b arg =M, = arg (V;*V,)*+ @
----- W5 Amy = 2IM | « BAV PV,
<Bs0 t t BS(> =(17.77£0.12) ps!  (PDG 2010)
o W " arg M, =arg (V. *V,)>+m

Bf?: hadronic matrix elements

_ -3
Vigl = (8.4 £0.6)x10 ) errors are totally theoretical: Bf?
Vtsl = (387 =+ 21))(10 3 (PDG 2012)

V. /V.I=0211+0.001 £0.006 (B.f;?)/(Bf,?): smaller error

(FDG 2012 Am_ measured only at the hadron machines
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Some details on Vi,

/‘
1

Vekm = | ~A

Vi

V| and IV, | measured by semileptonic B, and B, decays

d

I
1

\
Vb

u

Ve

C

Vi,

arg V_, =0 by a phase convention
arg V, by CP violation in B—DK
Vi, = 1 1f we assume Vi, to be unitary

IV, 4IxIV, | by BY-BY oscillation frequency (Am,)

V. IxIV, | by B.’-B Y oscillation frequency (Am,)
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Some details on Vi,

a ™
1 A Vi
Ve = |7A 1 Ve
Q/ td th/

V| and IV, | measured by semileptonic B, and B, decays
arg V_, =0 by a phase convention

arg V, by CP violation in B—DK

Vi, = 1 1f we assume Vi, to be unitary

IV, 4IxIV, | by BY-BY oscillation frequency (Am,)

V. IxIV, | by B.’-B Y oscillation frequency (Am,)

arg V., by CP violation in B ,—J/pKq

arg V.. by CP violation in B,—J/1p¢
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Some details on Vg
BO ~ B % ct+cs: V, V. * o e

T K
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Some details on Vi,

RO
/ JAp Kq
M,, oc —e?iareVid b—c+cs: V, ¥V o e
b ‘ » C J/w
S W+ a O \\ C
.............. 4, BO < .
t, <t_ d « d KO%KS
d ' b
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Some details on Vi,

BO >BO%C+CS.VV* et0

/ JAp Kq

. 0 ~ _
M,, x —e?aeVid * BY b — g4cs: V ¥V o el

two processes intertere — CPV o< sin 2argV,
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. ”S]ome details on Vi

. _gg :; {Iﬁlélé(')KO . BO tal d)_ — ’Z: 1£ (a) Combined
B>y KD & 1 |BY _,—JpK () é A:
BOZ = 0_)J/1PKS(Z-) (b) (C_C);(s E=-1)
i
Time dependent |  ° A N

CPasymmetries| |+

() JK, (&=+1)

/

-
1

The first observation -
of CP violation

Asymmetry
o
lllll&l LI ) LB Ll

(d) Non-CP sample

outside of 13
the kaon system  of—ou oot ooo
by the two 3
S . B factories ' . .
: - -8 -4 0 4 8
At (ps) At (ps)

BABAR: Phys. Rev. Lett. 87,091801 (2001) BELLE: Phys. Rev. Lett. 87,091802 (2001)
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Some details on Vi,

1.5 : : :
|
: :
AR Bt
1l 2B SMexpectation 2011
| O o by UTfit with IV} and e |
_ » .
< g)o 3
os L. e DL
< 8 T
i, A S 2
- = —
_ o =3
; 2 S
I an
A
aa)
—
<

1998 2000 2002 2004 2006 2008 2010 2012
Year

two processes interfere — CPV o< sin 2argV/,
0.679 £ 0.020 ©DpG 2012)
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Some details on Vg
B " BY % ct+cs: V, V. * o e

Jpo

b T » C
\ Ty

B!
5 ¢

Flavour Physics, T. Nakada
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Some details on Vi,

BO

S

7 Iy KsorJnpg

: 0 —
M,, x —e2aeVid * B b — C+cs: V ¥V o el

or —e
b .. W +/\—_>
t t
s W b
b - » C 1/
\ 6 w

B.” ‘<<S
x s ¢
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Some details on Vi,

B ” BSOK% ct+cs: V, V. * o e
/ Jpo
M, x —e B b — c+cs: V, *V, o el

two processes interfere — CPV o< sin

was not well measured before the start of LHCb
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Some details on Vi,

68 % CL and 95% CL
DO:  6.1fb7 !

CDF: 52 fb—l + SM prediction
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|
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o
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e
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.
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-
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-
’
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-
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3 2 1 0 1 2 3

|
—
~

two processes interfere — CPV o< sin

was not well measured before the start of LHCb
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Some details on Vi,

( >
-2 A AN (p-in) )
2 . A
22 p=p(l_7)

~| —A-iA%Xn -2 AN
2 [ %
AR (1-p-if)) -AN —iAX*ny 1 =T

Vil and arg Vi, many way to
V.l and arg V, |get solutions

vV, land IV, | |1€.

consistency
= IVigland arg Vi | o0 bhe checked

A from |V |, p and 1 from -
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Summary of the Vi

* All input from B factories, except €, and Am,
1.5|||||||||| [

| excluded area has CL > 0.95 |:

1.0

0.5

I= 00 —-—--—--- LT R A

-0.5

* All the measurements agree with the CKM framework
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I _orentz structure of the loop
* Muon Agg in B'—=K™uru”

: el

I* 1
B B
6
K" K"
e
backward 7+ forward

.
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Lorentz structure of the loop
* Muon A in B'—=K™uru”

BELLE (PRL2009) Before the start of the LHC
BABAR (PRD2009) SN
CDF (PRL2011) situation was not clear

Standard model
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Betore the LHC start up

BABAR and Belle, with high statistics B, and B, sample,
successfully demonstrated that the quark flavour can be
quantitatively well described by the CKM mechanism of the
Standard Model, including CP violation. Their analysis went
well beyond the original expectations, e.g. angle y (¢5)
measurement.

CDF and DO have started to explore the B, meson system:
e.g. discovery of B.-B, oscillations:

However, CP violation in the B, system remained as a
largely unexplored territory, as well as very rare decays, e.g.
B, ,—u*u, and hlgh statistic decay topology studies of rare
decays, e.g. B,— K u*u".

Several evidences were seen for D-D oscillations, but
statistics were not enough to explore CP violation.
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LHC with flavour relevant experiments

o)

e\
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Flavour Physics at Hadron Machines

Production of heavy flavour

»

important input for designing an experiment

parton-1  ~ parton-2

b

o |

Summer Institute 2013, 17-23 August, Korea Flavour Physics, T. Nakada
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Flavour Physics at Hadron Machines

Production of heavy flavour

important input for designing an experiment

0
66 both b and b are 1n the forward (backward) region
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Flavour Physics at Hadron Machines

that 1s why LHCb 1s a forward spectrometer

M4 M5
M3

- M2
Sm SPD/PS 11ear

T3 RICH2

Vertex
Locator _ [ \

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

—S5m —

Sm 10m I5m 20m z
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Flavour Physics at Hadron Machines

and additional advantage 1s

P <pmin

P >pmin

Summer Institute 2013, 17-23 August, Korea

Fe

For triggering.... p>p....
muon: 1identification

hadron: energy resolution

0n/E = V10%IVE
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Flavour Physics at Hadron Machines

and additional advantage 1s

For triggering.... p>p...
muon: 1dentification hadron: energy resolution

P <pmin

= 0n/E = V10%IVE
p > p min
central detector forward detector
I |
! P = PL> Pmin
{ P=DPr> P *H
p >"< p p Pl p

forward: p, threshold can be set low: — high b efficiency
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Flavour Physics at Hadron Machines

can exploit low pT particles

o

pT of B-hadron
S
I

10

1 e b b b
-2 0 2 4 6

eta of B-hadron
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Flavour Physics at Hadron Machines

Reconstruction of B decay vertex with a good resolution
1s essential to reduce combinatorial background:

decay vertex: >1 well reconstructed tracks
well reconstructed track =
- charged particle seen by vertex detector
- reconstructed particle from tracks measured
by vertex detector
DY(K "), D (K+*K™it*), etc., also K¢
examples are
B '—/*l",h*h", B—=D(K*K™n") n*, B*=D(Kgr*n") K*
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Flavour Physics at Hadron Machines

Reconstruction of B decay vertex with a good resolution
1s essential to reduce combinatorial background:

decay vertex: >1 well reconstructed tracks
well reconstructed track =
- charged particle seen by vertex detector
- reconstructed particle from tracks measured
by vertex detector
DY(K ), D (K+*K™it*), etc., also K¢
examples are
B '—/*l",h*h", B—=D(K*K™n") n*, B*=D(Kgr*n") K*

K not seen by the vertex detector, 7t and y can be associated
to a reconstructed vertex (if not too many)

BY—Jhp K¢, KK+ )y, p(mtm)n’, etc. are possible

but not

BY'—K ', p*(tn’)n’, vy, etc.

B*—=ut*v, K*vv, ttv
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Flavour Physics at Hadron Machines

D.” impact

primary | | harameter > 0

D" decay non
pointing to primary

vertex
/ B, vertex
separation

X K_
R decay pointing K*
to primary
. - -
B0 impact K" impact D, Ve{.tex
peirameter — 0 parameter > 0 scparation

plus pr cut (LHCD) or 1solation cut (ATLAS/CMS)

and for some cases, decay angle cut
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