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Gauge group: SU(3)c x SU(2)1, x U(1)y
Particle contents

[r ER qr. Upr dR G W B d [; — VL gL = ur,
) L €y, 4L dL
SU(3)c 1 1 3 3 ! g8 1 0
SU(2)p, 2 1 2 1 1 1 3 1| 2 Q=T +Y (Y =(Q))
Ul)y | -1/2 -1 1/6 2/3 -1/3|0 0 0| 1/2
fermions gauge bosons Higgs

Spontaneous symmetry breaking

SUB)e x SUR2)L xU(l)y — SUB)e x U(1)em
(P)

(P) = ( v/?/? > Cv=(V2Gr)/? =246 GeV
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2. Quark mass, mixing and
CP violation




—Ly =1z, Yii €r; P + qri yfj dr; P + qLi Y;; UR; ® + h.c.

yf (f = e, d, u): complex 3 X 3 matrix

+ N O
= ( io > , D =i d" = ( ib¢_ ) (172 = €)

CP transformation

yzgszwj ¢k =+ y@]k%%ﬁbk H yzgk¢j¢z¢k - yzgkwle ¢k

h.c.
Potentially CP violating, if y’s have complex phases.

Rephasing of 9’s and ¢’s may remove all complex phases in y’s.
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—Ly = Z_,Lz ygj e}%j O 4 CYILZ y% }%j O + Q/LZ Yii UR; ® + h.c. [’ :gauge (weak) basis
Electroweak symmetry breaking (o) = ( oI5 )

—Lpy =é€y Meeyp +dy M*dy + 4y M“ 4, + h.c.
fermion mass matrices: M/ = \% yl. (f = e du)
Mass basis fiL.r=Ui rfr.r, Ul z: 3 x 3 unitary (mixing) matrix
USTMeUg = D¢ = diag.(me, m,, m;)
UgTMdU% = D% = diag.(mq, ms, my)
UZ’TM“U}% = D" = diag.(my, me, my)

—Lrpy =€ Dep + CZL D* dr +ur D" up + h.c.
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No explanation
INn the SM



/ U”u,
qr, = ( Zi ) = ( U%Zi > Ut + U¢ = noncommuting with 7 5 of SU(2),

Charged current interaction

Loc = %W; (@, A1 d, + T e! ) + he. gauge (weak) basis

_ \%W/j (a7 U TUEdL + yter) +he. mass basis

VokM = UE”TU;{ Cabibbo-Kobayashi-Maskawa (CKM) matrix

Nga X Ng unitary matrix Né real parameters
rephasing of the quark fields 2N —1 unphysical
—~—
overall
O(N) rotation (mixing angles) Na(Ng —1)/2 physical

CP violating complex phases (Ng —1)(Ng —2)/2  physical
CP violation =— Ng > 3
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VCKM — Vcd Vcs Vcb
Via Vis Vi
1 0 0 C13 0 5136_2(S C192 S1o 0
— 0 C23 593 0 1 0 —S12 C19 0
0 —S923 (€23 —81367“5 0 C13 0 0 1
C12C13 $12C13 s13e” "
. 5 5
= | —S12C23 — C12823513€" C12C23 — S12593513€" $23C13
5 5
$128923 — C12C23513€" —(C12823 — S§12€235813€'°  (C23C13

Cij:COSQZ'j, Sz'j:SiIlQZ’j, O<(9@'j <7T/2, 0 <0 <27
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3
1 £ DEZE, ka*inj =0 ExVYELO=/af
k=1

—AFORYEEIR, 7 A4 —7 DNUMBICHRS 7R LY.
HDBEEL, =AREIRD[ClER IS XTI,

3 3
E : ) x _—10; —1 105 1 — Q5 E K —
k=1 k=1
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B meson and unitarity triangle
VA Vud +VaiVea + Vi Via =0
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B — mm

B — J/WKs

B — D*lv
b — DK B — X, lv

ls the unitarity triangle closed?
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/ Uu
g = ( Z,L ) = ( UI{ZZL ) U # Ug —> noncommuting with 7 o of SU(2)r
L LYL

but, commuting with 73

—Lnc = 9.7, foy“(Tf — @ sin® Ow)f
/

No tree-level FCNC In the SM

FCNC's are loop-induced and suppressed.

good for new physics search
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3. Meson-antimeson
mixing



P’ = K°(5d), D°(uc), B°(bd), B (bs)
Two-level guantum system, but they decay.
open guantum system ct. qubit

Charged current
changing flavor by one unit As, Ac, Ab= +1

PP Induced by the Z2nd order perturbation

"axo,alal ago,h.c.

T T




State: |¥(t)) = ¥p(t)|P°) + ¥p(t)|P°) Ve ()]° + [Yp(t)" =1
Schrodinger equation

zi (¢P(t)> _ (Mn ‘T Mo ;Fm) (¢P(t)>
dt \Yp(t) Moy §F21 Moo ;FQQ Vp(t)

M ,1': 2 x 2 hermite matrices

CPT iﬂvariahCeZ M11 — MQQ(:I M()), Fll — FQQ(:Z F())

1 B
Mo = P (P Hw|n)(n|Hw|P°) 1 1
Zn,: mp — Lo = P— Fimd(x)

F12 — Z 27T5(mp — En)<PO‘7‘[W‘7L> <n\?—[W|PO>
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CP transformation: CP|P") = —|P°) (in our phase convention)

CP Invariance: M5 = My, = M, (=real),I'15 = 'y = I']5(= real)

I'To My,
o Mio

- [M.T] = Myl
Note: [ ] 12112 My, Ty

0
Mo  I'yio
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Eigenvectors of M ;F (Heavy, Light)
g \/(Mlz — 5T12)(M7y — 5T1)

Pu.r) =p|P°) £ q|P°) p*+la*=1 L= .
i) = plP) & 4| P : il b

Eigenvalues (mass and width)

>\H,L — My — irH,L = Mo — §FO - \/(MlQ — §F12)(Mf2 _ §P>1k2)

) )
Am = TMTNg — 1My — 2R6\/(M12 — §F12)(Mik2 — §F>{2) (> O)

/) /)
AL = FH — FL — —4Im\/(M12 — §F12)(Mik2 o §F>{2)
Note: (P.|Py) = p|*> — |q]* #0

. 24
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CP Iimit: la/pl =1, Am =2|My[, AT =Tz, (PL|Pg) =0
Py = (|P°) ¥ |P")/v2 CP eigenstates

Temporal evolution

Poatt=0 |P°(t)) = g4 (t)|P°) A gg_<t>|P0>
Platt=0 [|P°(t)) = gg—(t)\PO> + g4 (t)|PY)
gu(t) = %[exp (—idgt) & exp (—iApt)
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An 1llustration
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mass & width oscillation

A.J. Bevan et al. "The Physics of the B factories”, EPJC74(2014)3020.
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A.). Bevan et al.“ The Physics of the B factories”, EPJC74(2014)3026.
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Meson | M /MeV — Am/MeV I'/MeV AT /MeV
K° 497.6 348 x 10712 368 x 1071%  7.34 x 107 %*
DY 18649 945 x 107 16x107° 257 x 101!
By 5279.6  3.34x 107 443 x 107 ~ 0
B, 5366.8  1.16 x 107%  4.39 x 107° 6.58 x 10~

A.]. Bevan et al.“ The Physics of the B factories”, EPJC74(2014)3026.
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4. CP violation In B decays




box diagram

— y —_— -*

q=a Zr S Vip t=1u,ct V@q ; Wolfenstein parametrization
Vekwm

RO RO 1 — A AN MNA(p—i

q W W q 9 , (IO ”7)
~ Y 1—2 A2 A
. : MNA(L—p—in) —N\A 1
V?Z j:ﬂvévf ‘/}b )\20227 AaPﬂ?NO(l)

topDHF S5 H X ECHY
Mi2(Bg) o< (Vi V5)*  ~ O(X°) complex

Mi2(Bs) o< (VisVE)®  ~ O(M\*) almost real
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F(BO(t)%f)Ocl—l—P\ﬂQ + (1—‘)\f|2)COSAm7§
- QIm)\f sin Am t

D(B°(t) — f) oc 1+ |A¢]? [—] (1 —|\¢]?) cos Amt
— | 2ImAf sin Amt

A\ _CI<fBO>N M5 <fBO>
f = ~

p(fIB°)  |Mz| (f|B")

D(B(t) — f) = I(B°(t) = f)
[(BY(t) — f) + T(B°(t) — f)
Sgsin Amt — C'rcos Amt

Ay
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Sf=-13m;F Mixing-induced CPV
BY f
AN BO/
o = L= 1A Di CPV
=1 Vi Irect
e T 1

. 33
||||| TANAKA



Bqg — J/v Kg

ikz . {Z‘/%d _ —2id Sj/wKS — SIn 2¢1

A — — _
JI9Rs Mia|  Va V5 -
BaBar

Crrprs =0

a T @ 3 E
S AN . 3 E
s 1 BE E
]<S Zoaf SEE——— 2 o uE -
o UV.4rC _ = — —
E = —i — E - _]
0.2=¢ 1 — . —
SN NG ﬁ%ﬁ 5 E
< 0F 3 < OUF EF
202 = 0.2 =
" 04 - = 0.4 3
53005_ 0 (C)_E lr% - -
S 200 > FooXE m=+l 4 S200F E
™ - 9B’ tags -3 f 4 2 u -
5 100 F N 4 500 3
— 27 % RSN 7] a8 — 7]
g 0.4:_ + (d)_: S 0.4:— [_:
£ 02[ ):{::k*&‘ . = é 0.2F ] T::
Z oJr + =1z o A

s 0ok i STl ¥ 1  A.J.Bevan et al.
At —+ | o

e T ME . 1 “The Physics of the B factories”,
At (ps) At (ps)
EPJC74(2014)3026.
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5. Summary



CKM matrix: 3 mixing angles and 1 phase, UT
Degenerate two-level open quantum system

Time-dependent CP asymmetry By — J/¢ Kg

B Subjects not explained
Viil, 2,3 determination, HQET, EFT and renormalization,
rare decays, LFU, (c)LFV, neutrino physics, etc.
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