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Outline

I. Introduction of heavy flavor physics
GIM, CKM, leptonic/semi-leptonic decays

II. Theory of non-leptonic B/D decays

effective Hamiltonian, factorization, QCD
factorization, perturbative QCD

III. Recent progress/Rare B decays
Various anomalies, puzzles



1dentify each particle state

s For fermions:




Two directions of particle
physics experiments

= Higher Energy: Tevatron, LHC, FCC Need a big money
— Direct detection of new particle, new physics
= High Intensity: B factories, tau—charm factory, Higgs
factory — precision test, Indirect search of new physics,
more economic
o Many of the new discoveries are predicted by intensive

precision experiments before their direct discovery



The Duel of the B Factories
KEK (Japan)  SLAC (USA)

High Energy Ring
(upgrade of existing ring)

Asymmetric ~4
Belle beam energy BaBar
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LHC: 27 km, the world’ s largest
proton-proton collider (7-14 TeV)
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The mixing of quark flavor

= In the SM, the lepton flavor eigenstates are the same as the

weak eigenstates
The weak coupling is universal for different ( v v
e
o)

generation of leptons

However, the story is different for quarks:
The weak decay of 3~ —s ;¢ v, is suppressed 20 times
comparing with n — pe_’\_/e

d and s quark mix to a new state d’ in weak interaction
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" Cabibbo angle (1963) ( )=( )

dcosf, +ssinf,

u and d’quark make a weak isospin doublet
The Fermi weak couplings G should be universal for

quarks and leptons. The difference comes from the

small Cabibbo angle 0 \M‘\ 14

The weak beta decay involves u ///WWW'
cost

and d quark, thus it is Cabibbo 7 ‘

Favored, the effective coupling is G cos0
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For AS=1 process,

u
[ J o W
such as kaon decay, it involves u and s
\\/MM/M/I
quark, which is Cabbibo //Sin P
suppressed, S

the effective coupling is Gsin0
sin@_~ 0.22, sin’@_~ 0.05, cos?0_ ~ 0.95

That is the reason why >~ — ne v. decay
is suppressed 20 times comparing with n — pe~ v,
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“2n%> Cabbibo suppressed and favored
decays
1%
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Flavor changing neutral current

= Although Cabibbo’s theory is successful in explaining the
| charged current

= It is difficult for neutral current

= Similar to Z° coupling with ete-, utu, Veve ,V ﬂV )

= We should also have Z° coupling with uu, d'd'

dcosf, +ssmb,
u
S 7 TS 7

. v

dcosf, +ssmb,
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Z° coupling

uu + (dcos, +ssiné,) (Ecosé’c +§sin6’c)
—uu+(ddcos’ 0, +sssin’d) AS =0

+(sd +ds)cosf.sind, AS = 1 process

s So there is flavor changing neutral current

decay
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flavors of quarks: u,d,s.

Experimentally we found that
K° 74 pwtp
But theoretically, we had

The GIM mechanism
gives prediction of
Charm quark
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GIM mechanism

= 1970, Glashow, Iliopoulos and Maiani introduce a new

(14

quark, named “charm”

s There will be a new weak doublet, ¢ quark and

s’ (orthogonal to d’) ccosl —dsind

) \‘\/WWWI \’WWW' A

T

Ecosé’c —Esiné’c

u _(u c C
dcosf. +ssmn, d' (Scosec—dsiné?c)= s’
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7" With the new flavor doublet, the flavor
changing neutral current canceled

uu +(d cosd. +Ssin6’0)(3cosé’c +§sinHC)

reo+ (scosf, —dsm 6’0)(§cos90 —c_z’sinﬁc)

AS =0

= uu +(dd cos® 0, +sssin’ 6)) }

+cc+(sscos’ 8. +ddsin® 6.)

+(sd +ds—sd —ds)cosf.sing. ~ AS =1

=uu+dd+ss+cc
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Long time ago, we had only 3
flavors of quarks: u,d,s.

Experimentally we found that

0 +,,—
K 74 (TN
T
w
s W+ w s | we w*
0 u \Y C v
K d _W_-_ u u- -+ d _W_-_ u u-

= W+ 0 - = W+ 0 -
S - W\} z w, s - W\)_ Z n
d W~ W d W~ W

= 01f m,=m,




For a complete two generation of
quarks, the weak Lagrangian is then

—smné, cosl, |\ s

W, E)y“(l—f)( &

J+=W#(& E)y”(l—ys)( coso, siné’c)(d)

S )
Charged current

Simlarly,
- W(E -ycosf, —smndb, 1y U
= S —_
“ Ing, S ! ’ C
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e/
Later, more precise
experiments found that

Br(K’° = u"'u)~10"

s __ | W w s o | Wr__ d
uc Vu uc uc

d W W d W s

S e | W20 ur s W+§‘16§W. d

d W~ w d uc S

Br(K'—uwuw) = F(n.....)  Amg=G@n_,...)

— m. ~ 1.5GeV

Z1
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% In 1964, CP violation 1s found in K decays, this 1s
long before the fourth quark/charm is discovered

CPV' 1964, 1H. Chuistenson et al., Bi(K, ') =0
P~ Pr T Pr- m(wn)<mg T j
6= angle between py; and p, it ™M o

6 7> 7 — - ’
sessestssssssasss ) ....................... O.......;....:‘;)'m a.:':.' KL
g _ / m () = my, J
/ 494 < m*< 504 5
NS
m(mwm)>myg ... MJJ
gl Ly |0 Y

N99%E 09997 DA%E A | AGAA
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: Turlay Christenson

Nobel prize ('80) for the discovery of violations of
fundamental symmetry principles in the decay of neutral
K-mesons
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models have -
been
proposed to
explain the
CP violation
phenomena

—

In 1973, Kobayashi (b, 1944) & Maskawa (b, 1940) give
a new explanition

Both received Ph.D. from Nagoya (72 & '67) and both
joined Kyoto as an assistant (72 & '70).
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§\1 Started collaboration in May of 1972, completed the work in August and
23 submitted it to Progress of Theoretical Physics. Published in Feb, 1973
[Prog. Theor. Phys. 49, 652-657 (1973)]

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, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet

scheme without introducing any other new fields. Some possible models of CP-violation are
also discussed.

We accepted the Glashow-Weinberg-Salam theory of the weak interaction’s
extension to the hadron..., because the fourth quark already existed for us in a
sense. Sometimes it 1s said that our CP paper was written before the discovery
of charm. In this sense, however, our paper came after the charm.

-- Kobayashi (1992)
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M Kobayashi and K. Maskawa found that if
== we extend the 3 quark flavors to 6, we will
need a 3x3 matrix, describing the mixing

B ( d ’ /Vud Vus Vub\ d
s = Vcd Vcs Vcb §
b’ Vie Ve Vi) | b
o . ; = cos 6; and s; = sin 6,
2008Nobel prize % and s =sindl]

C1 —S51C3 —S51S83
S1S9 (C189C3 + C9SX C18983 — C9Cx

Prog. Theor. Phys. 49, 652 (1973)
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The weak Lagrangian

left handed current W, w" (1= %) 1)

2 2 4
Mass term: m, uu+m, dd +...

Mass eigenstate =  weak eigenstate

The mixing need a 3x3 matrix (CKM)
Wﬂui}/ﬂ(l - ys)(VCKM)ijdj
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Y im0 ) Wolfenstein parameterization1983

/ 1-;@/2 A AX(-in))

=212 AN

A)ﬁ 1- - A% L] o
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Standard parameterization in PDG
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Unitarity Triangle(s) of the CKM Matrix

e Unitarity of the CKM matrix: VC,IM Veam =1 = Vg - VCKTM =

— 6 normalization relations (columns and rows)

— 6 orthogonality relations (columns and rows): A+B+C=0

e T he orthogonality relations can be represented as 6 triangles:

— |unitarity triangles!

e [ hese triangles have all the same area A:

A5 = |Jcp| = /\6A27‘) = 0(10_5)

JV



et

e Columns: VuadVo, + Vch;’; + ViV, = 0
OA) O(A) O(A5)
Vusvu*b + ‘/CsV;;, + ‘/ts‘/tz = 0
O(A) O(A2) O(A2)
VaudVyy, + VedVia+  ViadVi = 0
(p+in) AN3 —AN3 (1—p—in)AN3
B \
* + *
e Rows: ViaVed+ Vi Ves + ViV = 0
O(A) O(A) (9()\5)
VoiVia+ VoVie+ VoV, = 0
O\ O(A\2) O(A2)
VaiVia  +VaVis+ ViV = 0
(1—p—in) AX3 —AX3 (p+in)AN3

e Only in two relations, all terms are of O(A\?), and agree with one another
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ViV +VeaViy + ViV =0

VYV, +V.V, +VV, =0

us' ub cs’ c¢cbh
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PDG2006 & 2016 Unitarity
Triangle Comparison
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The universe comes from

Big Bang

Where does the anti
-matter go?
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Py
Well motivated:

n _
Baryon asymmetry of the Universe: n—(B = (5. lfgg) x 1071
7 IWMAP WMAP
. n_‘B ~ 10—20
SM expectation (KM CPV phase): n ~
7 ISM
too small by

10 orders-of-mag.

Additional source of CPV is required: lepton-sector (v's)?
4'h generation quarks)?

(SUSY has ~40 CPV phases)

New Physics CPV searches are “QCD-uncertainty-free!
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The importance of CP violation

IF we find aliens in the far universe

Before we visit each us, it is essentials to make sure
that they are not made of anti-matters—
“Important”

The definition of matter-anti-matter and left-right
is arbitrarily

They can be defined only through CP violation:

DK, =7 ') -T(K, > 7" 1) _ (0.64 = 0.08)%
'K, =7 uv)+I'(K, =72 uv)
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Flavor physics is important

Progress in flavour physics may help understand open questions in cosmology -
SM CPV insufficient to explain matter/antimatter asymmetry

Flavour physics is a proven tool of discovery:

+ BR(K%, —p) & GIM — prediction of charm
» CP violation — need for a third generation
» B mixing — mass of top is very heavy

Lesson from history: precise measurements of processes suppressed in existing
theories have high sensitivity to new physics (NP) contributions. An excellent

way to look for the NP expected at the TeV scale!
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“MNew physics probes

7% Search for deviations from SM predictions from virtual contributions of
new heavy particles in loop processes

W+ H

b W d

B ptoo 1 B"

d W b

» Measure CP violating phases and study rare decays of heavy quarks
» Compare to very precise predictions of the SM
> Uncertainties from QCD is main problem

» Most interesting processes those where SM contribution is suppressed (e.g

FCNC)
> Effects of New Physics (NP) are large

» Discovery potential for NP extends to mass scales >> centre-of-mass energy
of collision
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B meson decays, similarly b baryon

decays

Y V
= Pure leptonic decays

= Semileptonic decays [T
= Non-leptonic decays

Pure leptonic 1s the simplest:

The hadronic part of the calculation 1s just the definition
of the meson decay constant, for example, a pseudo
-scalar meson:

(P(p)lgy*Lq'|0)=ifpp*
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leptonic decays
0)=ifpp*. v

s The decay constant 1s
the normalization of the meson [T
wave function 1.e. the zero point of wave function

s The experimental measurement of pure leptonic decay
can provide the product of decay constant and CKM
matrix element.

= Theoretically decay constant can be calculated by
QCD sum rule or Lattice QCD
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Rare decays, which are sensitive to
new physics signals

= B, ;—v vis helicity forbidden
decay mode, (only by Z boson)

n B, ;— [" I is helicity suppressed, b
similar to B*2>F" v, " o< m/

= But further suppressed by loop

d

= Theory:

B(Bs — u"u~) =(3.65+0.06) x 1077
Exp.

B [Bg—> ,u+p,_] =286 x 1077
LHCb, CMS, ATLAS



Radiative leptonic decays, which
are also sensitive to new physics
b
s B*— /vy is not helicity y

V

suppressed, but o), /T
suppressed with Brs: 10-¢

= Similarly, we have B_— /vy, also not helicity
suppressed (10-5).

= With one more photon in the final states, easier for
exp.

= But more difficult for theoretical study with long
distance contribution
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= B,;— vvy canalso decay, but o, suppressed
Theory: Br(B'—vvy)~107,
Exp.: < 1.7x10°
Theory Br(B.— vvy)~10-3

s Similarly B, ,— Iy (I=e,u) also not helicity
suppressed

s Theory: Br(B,— 'l y)~10~
Br(B,'— Iy )~10"1"  Exp. <10’
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Pure leptonic decays with lepton
number violation

Can only occur in new physics beyond SM
We have only experimental upper limits:
Br(B"— et u-)<2.8 x10~°

Br(B'— et77)<2.8 x 103

Br(B'— u"7t7)<2.2 x107°

Br(B'— etu-)<1.1 x10°
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(w|uy*b| By = p," fi + p," [,

2

my —

T

2

= (pB +p¢r)ﬂ -

-q = P ~ Px
F1(0) = F,(0)

q

2

q

“|F(g")+

|

Vector

We have two hadrons in semi-leptonic
decays. It is described by form factors

Scalar

2 2
my, —m

—q"F,(q")
q vV
S
b X/: u
U Jm

If form factors known, the experimental measurement can

give the size of CKM matrix element Vub
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Form factors(B—> Vector transition)

= Vector Current

s 2V(q°)
my+m,

<p|u}/ﬂb|B>_guva/3’g pB pp

= Form factors can be calculated by lattice QCD,
QCD sum rules, light cone sum rules etc.

= In the quark model, it is calculated by the overlap
of two meson wave functions.
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Form factors(B-> Vector transition)

s Axial Vector Current

<p|&y”y5b|8>=i[eﬂ—g 4, }<m3+m VA,(¢)

q \
’”’”’B2 -m," A4,(q°)

—il(pg+p,) ——————q" |(-9) Vector

q mB+»\
+12m (8 7 q" 4,(q° Scalar
q’

lensor

2m,, Ay(0) = (m, +m,) A,(0) = (m; =m,) 4,(0)
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i o] S ‘ &L u:f
Examples of leading electroweak diagrams for B — Xy

~

7 /
Yugbus| ~ |Viplus| ~ 2% ~ 4+200%  ~ —100%

C .S ~~
In the amplitude, after
including LO QCD effects.

: M3 :

® QCD logarithms a5 In —% enhance BR(B — X;v) more than twice
my

50



‘@@ Branching fraction; HFAG [arXiv:1612.07233]

uncertainty 4.5%

B(B = X,Y)E.51.6cev = (3.32+0.15) - 10~*

Extrapolated to E, = 1.6 GeV
Misiak et o). 2015 3.3620.23
HFAG 2016 3.3220.15

SM [NNLOJ: B(B — X, ) = (3.36 £ 0.23) x 10~*

Babar 07, 12, 12 3.2820.20
Belle 09, 14, 16 3.4120.28
Cleo 2001 3.2920.52

B(B - X,y)(107Y)

1 2 3 4 5 6 7

Belle-11 Better accuracy is expected, ~ 3.
o1



Many new physics models contribute to

b->s vy decay
For example, the charged Higgs contribute to b>s vy
decay
Y Y
b b H=
t t — -
b s b t °

Recent bounds on My ; [arXiv:1702.04571]
in 2HDM 11

Mg+ > 580 GeV at 95%C.L.
Mg+ > 440 GeV at 99%C.L.
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Thanks !
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