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m Never underestimate the joy people derive from hearing something
they already know
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The Standard Model
(Reminder)




The Standard Model (SM)

Ingredients

m Gauge symmetry principle

m Invariance under local SU(3). ® SU(2)r ® U(1)y transformations
= = interactions mediated by vector gauge bosons {G},, W, B,}

Gauge bosons

m Matter content

m Fermions
. L(Higgsﬂ

m Vacuum of the theory




SM - Matter content: fermions

m Quarks

m Left-handed: QL] (3
m Right-handed: uRJ (

m Leptons
m Left-handed: L9, ~ (1, 2, —%)
m Right-handed: (3; ~ (1,1, -1)
m L] Left-handed (1,0), Right-handed (0, 3)

m Three copies (generations)

6)
3) HjN( 3)




SM - Matter content: fermions

m Gauge interactions from Xfin — Zin + Ly 7

3
Lo = Z { [Q%g@ Q%j"’_a(])%j@u(lj%j"i_g%j@d%j +E%j&L%j+Z(1)%j@€%j]
J=1

(@ =~"9,) 0, — D, =0, —1igB,Y — igWiT, — igSGf})\A




SM - The Higgs

At this stage all gauge bosons and fermions would be massless

The Higgs mechanism

m Scalar ® ~ (1,27 %)
Lo = (D,®)(D'®)! — V(@)

m Potential )
V(®) = p?®' @+ X (@1D)

- = ((1}+hf:G0)/\/§)




SM — Fermion masses

» Yukawa interactions (& = iop®*)
Ly =-QY (Yd)adek‘I) QLJ( )ikl ® + Hee.
0 +
() o0+ ()
£ (d%) va\1) T wvz) T lieoyva
D%Y:D%M +°§’ﬂhff+$fo

m Mass terms

Zn = (//fd )Jdek ULJ (///B)jkuoRk + H.c.,

MO = %Yd, MO =




SM — Mass eigenstates

m Diagonalisation
0 ,0 . 2 0 0 . 2
ul, Ay ), = diag(m? ), Ul )T AU, = diag(m?)
Ui, AU, = M, = diag(mg,)
m Mass eigenstates
do :L{deL, d%:MdeR, u% :Z/[uLUL, u% :UuRuR
m Rephasing

R, =diag(e'*%), R,Ri=1, R, #,R}=.4,

Uy, — U, Ry, Uy — UL R,




Gauge interactions

m Covariant derivative, EW sector

Dy =0, —ig'B,Y — igWiTa—ig.C/ A

I/3 9 W+
[D ](2 y) — 18 gyBg +7W / ﬁWMg 3
W gyB, — sW

with charged VVujE

a 1 — 3
WiT, = 7 (WiT, + WH T_|+W;iTs

Ty =T, £iTy, W)= =
\f

Wi iwg], (W) =




SM

m Mass terms

’1)292

(D (@) (D (@) = —= W, W

2

4 =)

m Fix y = 1/2, identify massive Z in last term

/

Z:CV\/VVLS—SVVB7 Cw — $, SW = g*CW
92 +g/2 g

2

v , [ , 9.3 11}

- _Z BF — 23k — Z AL

2 (gyB“ 2WH) (gy 2" ) 24c3,

1
(D (@)1 (D*(®)) = MW, WH + §M%Z#ZM
My = % Mz = My [cw




SM

m Massless photon A

m Back to D,

*’l:g,B‘uY*Z-gWiTg = {Zﬂ [ngg — g’zY} + A,99' [T+ Y]}

—1
N

T3+Y:Q7

/

L:
Vo +9?

D, = 9, —ieA,Q—i- = (2,5 - 53,Q] - \%[W*T++WT}

m Interactions
gkin. - «i/ﬂkin. + ggauge = Q%J'LlDQ%] ZlDdR] + uR]llDuRj
Lyange = Luam + e + Zec




QED

n Lem = eJiy AL
Jin = Qu[ﬁ%ﬂ“u%j + ﬁORj'YMu(I)%j] + Qd[dgﬂ”d%j + d%:ﬂud(l)%j]

1

Qldz] = Qldx] = Qu = —3

QP] = Qlul] = Qu =+ .

3 )
m With mass eigenstates

Jhy = Qulariy*ur; + trjv"urj] + Qaldr;v"dr; + drjv"dr;]

ZEMm = € [Qu ﬂjfy“uj + Qa Jj'y"dj] A#




Neutral Currents (NC)

m Ao = %JZHZM
J —té )ULJ’}/ uL_]+t d dL]_SWJ

1
Taluf) = 15" = +5, Taldy]=1t," =

m With mass eigenstates

1 1-
Ty = S ur; — 5dny"de; — sty Jou

g [1_ 1-
e = — |sar;y*uL; — sdr;vtdr; — sy Jhy
Cw 2 2




Charged Currents (CC)

m Zoc = %J\%W: + H.c.
T = agvtdy
m With mass eigenstates
J\I}LV = ﬂLa[uiL]aj'yu [udL]jdeb = uraY"Vapdrp

v=uiu,, vvi=viv=1

ZLoc = \% {ULa " VapdrsW,F + dpsy*ViyuraW,, }




Summary

= QED & QCD
QED f QCD Qa
v ieQ ! g z'gs.)\;lb’y"

b

s

m Universal
m Non-chiral
m Flavour conserving

our and



Summary

m Higgs

s

Non-Universal
m Scalar

m Flavour conserving




Summary

m Neutral Currents

NC f

70 in " (Ta[f] = 2Qysiy — Tslf]7s)

—,

m Universal
m Chiral
m Flavour conserving




Summary

m Charged Currents

CC U CC Vi

W+ i%%kv"/“P[‘ W+ 7%U;k/‘y’#P[

&

ES
o~

L

m Universal
m Chiral
m Flavour changing




Summary

m Gauge+Higgs




Discrete Transformations




Discrete transformations

Discrete transformations
m Space reflection or Parity P: z = (¢, %) — & = (t, — %)
[N. B odd # of space dim.]
m Time reversal T: z = (¢,%) — Ta = (—t, )
m Charge Conjugation C: n — n*, Q — —Q




m For P and C, unitary P and C:

Pa(p,s)P =nsa(-p,s)  Ca(p,s) C=g.b(p,s)
Pb(p,s)P =mb(-p,s)  Cb(p,s) C = pa(p,s)
P2=1, g=n=1 C’=1, pupp=1

m (For T, antiunitary T, not here)

m Wave functions C4 (7, s) from free solutions




Discrete transformations

Field operator

O(z) = i{a(ﬁ $)C_(P,s)e~P® + bl (5, s)C (7, s)etire)

m For P and C, unitary P and C:

Pa(p,s) P = n.a(—p,s) Ca(p,s) C = p.b(p, s)
Pb(p,s) P = nyb(—p, s) Cb(p,s) C = ppa(p, s)
PP=1, n=n=1 C?=1, pupp=1

m (For T, antiunitary T, not here)

m Wave functions Cy (7, s) from free solutions




Discrete transformations

The CPT Theorem

Any quantum field theory which is local, Lorentz invariant, and which
respects the spin-statistics connection,

is invariant under the product CPT
Some consequences

m Particle/Antiparticle have equal mass and width
m CP Violation < T Violation

[N.B. It is a property of QFT]




C,P

Sakharov conditions

In order to obtain a net baryon asymmetry in the Universe

m baryon number violation

m departure from thermal equilibrium
m C and CP wiolation




Discrete transformations — Scalar ®

= i{a(ﬁ, s)e " + bl (p, s)e "} [No wavefunction!]

m Parity
B i{ﬂaa(—pj 8)e T 4 nibl (—p,s)e™ T} =
z{na a(p, s i +n bJr U w} _
”Si{ap, TIT 4 pl(ps)e T}

with nf =n, =nsand p-x =p-2

PO(z)P =ns®(2)




Discrete transformations — Scalar ®

r) = Z{a(ﬁ, s)e” T 4 be(ﬁ7 s)eip'x}
m Charge Conjugation
zzﬁh%wﬁ@€”“+¢kNﬁ®W”}:
oo laton 4790

with ¢} = @q = @s

CP(2)C = 5[0 (@)




Discrete transformations — Vector V#

)= S a5 9+ 7 1)

m Polarisation vector:

e(5.5) = LEB) (0,5), L) boosts § —




Discrete transformations — Vector V#

m Parity
PVH(z)P =
i{ﬁaa(*ﬁ, s)el (7, 8)e~"® 4 bt (=7, 5)e"* (5, 5)e™P 7} =
i{"a""(ﬁ’ s)e'(—p, s)e” P T 4 bl (p, s)e" (—p, 5)eP T} =
NS TS .

with gy =n, =nv andp-x =p-2

PVH(2)P = —nyV,(Z)




Discrete transformations — Vector V#

m Charge Conjugation
CV#(z)C =
i{% B s)e! (B, s)e P + ppal (B, s)e" (B.s)e’™ =
wvz{a 7, 5)et (7, s)e™ P + bl (p, s)e" (p me}

with SOZ = Pqg = PV

CVH(z)C = @V[V“(x)]T




Fermions — Reminder

m Dirac: {y*,v"} = 2¢*"

m Weyl representation

N 0 o ot =(1,8), a" = (1,-7) reducible
s o) ,F), , »ducible

m Infinitesimal rotation 5, boost H,

b (12 = -2
dr (102 + - 2)n




Fermions — Reminder

m Transformation of o2t}
*
)y,

+ 8-

M\Ql
I
M\Ql

o — o (1+19 —*fﬂ —)1/1L—(17'L

<=

Zyp% transforms like g, 02¢E transforms like v,

()0 (3 ) ()
10" Outpr, = mg

Z'O'Haﬂ”(/)R = m’l/)L
for m = 0 decoupled

m Dirac equation

m Massless fermions: helicity < chirality




Fermions — Reminder

m Plane wave solutions u(p)e~ " % v(p)et® *

s=12 v = (V) o= (V7T

Vp-a&? Vp-an
B 5
5 =10, =), (s)?=1, {9} =0

0 1
m Quantized Dirac field

= z{a(ﬁ, S)us (p)e—ip-z + bT (p" S)’US (p)e+ip.$}

-1 0 1 1
75=< ) PL:§(1—V5), PR:§(1+'Y5)




Discrete transformations — Fermion

m Parity

N z{”aa(‘ﬁ’ s)u®(p)e” " + nybl (=, s)v* (p)e TP} =
i{na p, —ipx + bT(p, ) (pv)e_l,_iﬁ.z} _
i{”a ap.s TPE bl (7 s) o (et}




C,P

Discrete transformations — Fermion

= Spinors
e~ () () - (0 3) () - v

vy (VR ) - (V)

<(1) ‘1)> ( %(ijgg)) ) —7°*(p)

VP o(—io?€9)




Discrete transformations — Fermion

m Back to PU(z)P, with n, = —nf =np
PU(2)P = npy° ¥ (%)
m For ¥,

PP U (z)P = npy°PLU(Z) = Prnpy’¥(2)  right-handed

and similarly the parity transformed of a right-handed fermion is
left-handed




Discrete transformations — Fermion

_ i{a(ﬁ, s)u

m Charge Conjugation

7)C = i{%bms)u%p

Consider now

i{a s

Je~ " + bl (5, s)v (p)et T}

Je™ 7T + oyl (7, s)v* (p)e T}

()" et 4 b(, ) (p) e 7}




C,P

Discrete transformations — Fermion

m Spinors (again)




Discrete transformations — Fermion

m Back to [¥(z)]*

[¥(2)]" = —iy? Z{b@i s)ut (p)e™ " @ + al (7, 5)* (p)e P 7}
with ¢, = ¢} = pc and
C=—iv?, C=C,C"=-CC*=1

U, =C¥*, (V)=

m Back to C
CU(z)C = po¥.(x) = pcC¥(x)*

m For ¥,

CPLY(z)C = 9o PrV.(x) right-handed




Discrete transformations — SM Interactions

m QED is C and P invariant
Zam = e [Quuntuy + Qadjytd;| A,

m Neutral currents (Z) violate C and P, but CP invariant

1 1-
e = | sapytuny — sdpydey — s Tt | Zu
CW 2 2

m Charged currents (W¥) violate C, P and CP

Zce = "VopdisWoE + dosy" Viyura W, }

% {ﬂLa'Y




Cabibbo-Kobayashi-Maskawa




The Cabibbo-Kol hi-Maskawa matrix

Vud Vus Vub
V=V, V., V, VVi=ViV =1
‘/td ‘/ts ‘/tb

Rephasings R, = diag(e'?"s), Ry = diag(e'*%)
V=Uul U, =V RVRs ie Ve uly,

Observables: rephasing invariant

|V7k|? Qj1j2k1k2 = ‘/jlk1V72l€2V71k2 ]2]{)1

m(‘/j1k1V72k2V71k2V72k1) J1 7é J2, k1 7é ko unique (i)




Parameter count

m Unitary matrix n x n, A = e'%«Ha with H, hermitian
m n diagonal real
u % off-diagonal complex
n(n—1 n(n+1 n(n—1
n+ ( ) = (n+1) phases, Q angles
2 2 2
alnV:
" @ rotation angles
m 2n — 1 rephasings
Mt gy _qy= PV =2 e
2 2
m 2 generations (Cabibbo): 1 rotation angle, 0 phases

m 3 generations (Kobayashi-Maskawa): 3 rotation angles, 1 phase




parametrisations

m Kobayashi-Maskawa
1 0 0 C1 S1

V=10 c 59 —81 €
0 —S2 C2 0 0

C1 —S1C3
V= | sica cicacs — sasze’
s182  c182¢3 + casze®?

m Chau-Keung (PDG)

0 1 0 0
0 0 C3 S3
etd 0 —s3 c3

—S5183
c1C283 + sacze’
c182¢3 — cac3e’

8
s

1 0 0 C13 0 8136_1613 C12 s12 0
V= 0 Co3 $23 0 1 0 —S12 C12 0
0 —s23 cCo3 —81361613 0 C13 0 0 1
c12¢13 S$12C13 size” 01
s 6
V = | —s12c23 — c12523513€"°13  c12c23 — S12523513€"°13 $23C13

i6
$12C23 — C12C23513€ 13

—C12523 — S12€23513€

613

C23C13




CKM

m Wolfenstein

s
Vo~ i\ -2 Az | +onY
AN (1 —p—in) —AN? 1

with A >~ 0.22 and p,n, A ~ O(1)

1 X A
Vi~ A 1 a2
A2

At the end of the day, O(1) means

p~0.12 n~0.35 A~038




m Rephasing invariant phases
VudVJb) < Vchc’Z>
v = arg (—* B =arg | -2
VeaVah ViaVi
_ Vcbvci I VusV:d

m Convenient phase convention

S
arg (V) = ﬂﬁ Oﬁ 0 a=rT—y—p0
— T+08s O

with

v~0(1)  B~OQ1) B~ O X~ OO

m N.B. “Belle” convention: ¢1 = (3, ¢o = «, ¢p3 =y

>henomenol



Unitarity relations, VVI =1, VIV =1

m Diagonal

(d)
(s)
)

—~
=

: |Vud|2 =+ |Vus‘2 =+ |‘/ub|2 =1
Vel + Ve P + [V P =1
FVeal? + Vi + Ve | = 1

Voal? + Ve + [Vigl? =1
Vsl + Ve P+ Vi P =1
Vil + VP + VP =1




Unitarity relations VVT =1, VIV =1

m Non-diagonal

(ct) : VegVei + VosVis + Va Vi = 0, O(AY) + O(X?) + O(A?) = 0

(ds) : VgVile + VgV + VigVis =0, O(A) + O(A) + O(X°) =0
(db) : VgVl + VgV + VigVis = 0, O(X?) + O(X*) + O(N?) =0
(sb) : Voo Vi + Vo Vi + Vi Vi =0, OX) + O(N) + O(A") =0




Unitarity triangles

N
@~

[Vis Vs ~ N

[ViaVis| ~ N°

ViaVea| ~ A

[VeaVes| ~ A

(ut)

(db)

[VisVis| ~ A3 [ViaVial ~ X S

s [ViaVio| ~ A*
[ViaVis| ~ X

ViV ~ X

[VeaVis| ~ A*

(ct)

[VeaVial ~ \*

(sb) [ViaVig| ~ A2

[Vis V| ~ A*

[VisVis| ~ A2




Tree level dominated

= PDG

12. CKM quark-mizing matriz 1
12. CKM Quark-Mixing Matrix

Revised January 2016 by A. Ceccucci (CERN), Z. Ligeti (LBNL), and Y. Sakai (KEK).

= Moduli |V;]

0.97417 4+ 0.00021  0.2248 4 0.0006  (4.09 + 0.39)103
V| = 0.220 £ 0.005 0.995+0.016  (4.05 +0.15)10~2
* * 1.009 £ 0.031

m v (B — DK decays, GLW,ADS Dalitz)

v = (73.2+7.0)°




CKM Fits

SN IS 0l ] 1=
v %‘v ] 1
& Amg& Amg 7]
E 05
[ Amy
[ & ]
= o0 2 1 0
b o 1 L
[ o 5 [
05 3 [
r ] -0.5-
.1_0; % £ { F
[ wlwes2p<0 A
[ TSt oot acLa095 | L
P VP A I I Y W A
10 05 0.0 05 10 15 20 ] -0.5 0 5 1
P




CKM

Neutral Meson Systems




Neutral mesons

Neutral meson systems

m 3 generations of quarks:

Confinement

Bound states quark-antiquark: M° = q1qo, M° = q1¢2

N.B. Q(q1) = Q(q2), q1 # g2 i.e. M® # MO
m Best known cases, lightest pseudoscalar mesons - -
K° =35d, D° = éu, BY = bd, BY = bs

MO and M have the same strong and electromagnetic properties

Strong and electromagnetic interactions conserve flavour
(i.e. no M = MY transitions)
As mentioned, this is not the case for weak interactions
m they violate C, P, CP, T
m they induce flavour transitions




Neutral mesons

The Weisskopf-Wigner approximation

m Quantum mechanical description of the two-state system -
{I1M°),1M°)}

Times much larger than strong interaction times

System described by an effective Hamiltonian

H:M—%I‘, M =M, T =1t

Dispersive M and absorptive I" parts

Schrédinger equation

L d
i |W(1)) = H (1))




Neutral mesons

m Dispersive M and absorptive I" parts

m H;; from 2°¢ order perturbation theory (in the weak interaction)

i[Hw|n)(n[Hwlj)
My - E,

Miy = Modyy + (iHal) + 3P

Tyj =21y 6(Mo — Ep) (i[Hu|n)(n[Hulj)

(Rel. Norm.){|M?),[M°)} = {[1),|2)}




Neutral mesons

m Dispersive M and absorptive I" parts

m H;; from 2°¢ order perturbation theory (in the weak interaction)

b w+ d
AYavavavav,
My — u e t j
AVAVAVAVAV,
d w- b
d d
. i . 0
b ¢ b [
d d
0
d d
N BY Bj
1—‘12 W > c w+
N




Neutral mesons

Effective Hamiltonian for Neutral Meson Mixing

Eigenvectors!:

H|My) = pu|My),  |Mu) = pa|M°) + qu|M?),
H|Myp) = pr|My), |My) = pr|M°) — qr|M°).
(MO|M°) = (M°|M°) =1, (M°|M°) =0
Eigenvalues:

HUEH + UL
= ——5

) )
=M--=-I', Ap= — =AM — -AT
2 2 ) H HH 1235 2 )

Evolution

I w) = B ) = [80) = )

IN.B. “H” and “L” correspond to the “heavy” and “light” states respectively,
AM > 0 and the sign of AT is not a matter of convention




Neutral mesons

Effective Hamiltonian for Neutral Meson Mixing

Hamiltonian:

Mixing parameters 6, q/p € C:

qu _ 4 /1+ /1— _1—lq/pP
par pV1—10 1+6 T 1+q/p?

9:H22*H11 (q)QZHm
Ap ’

m 0 is CP and CPT violating
m § is CP and T violating




Neutral mesons

Effective Hamiltonian for Neutral Meson Mixing

Hamiltonian:

- p—5t0  BSEVT— 62
1RE/T—02 448k )

m 0 is CP and CPT violating
m § is CP and T violating
Ho = (0)'H(0)

CP|M°) = et M°), TCP|M®) = &#|MO),
CP|M°) = e~ M°), TCP|M®) = &"#|MO).




Neutral mesons

Effective Hamiltonian for Neutral Meson Mixing

Hamiltonian:

m 0 is CP and CPT violating
m § is CP and T violating
For example

[(MCIH[MO )| |[(MC|H|MO)| ‘ +6

-0

}<M0|HCP\M0>y y (MO[H|MO)|

(MO|(H ~ Hop)| M®) = (MO[H|MP) — (MO[H[M) = ~Ap0

(MP|(H — Hecp) [ M) = (MO[H|M®) — (31°|(T) HT|AL%) =
(MO[H|M®) — (M| H|J°)* = ~Re(Au0)




Neutral mesons

Some facts [N.B. h = 6.58 x 10722 MeV's = 1 ps—! ~ 0.658 meV]

Quarks M r AM AT
KO- KO sd 0.498 GeV | 5.56 ns™' | 5.30ns™' | 5.54 ns~!
DYDY cu 1.864 GeV | 2.439 ps™* | 9.5ns™' | 3.15 ns™!
BY-BY bd 5.280 GeV | 0.658 ps~* | 0.506 ps~! ~0
BY-BY bs 5.367 GeV | 0.664 ps~! | 17.76 ps~! | 0.08 ps~!
AM/]T AT/T
KO- KO 0.953 0.996
DY-D° | 39.1072 | 1.3-1073
B9-BY 0.769 0
BY-BY 26.75 0.12




The discovery of CP Violation

If CP is a good symmetry in the neutral kaon sys

m Kigenstates of the Hamiltonian are also CP eigenstates:
CPIK®) =|K®°), (CP)?=1,

1

|K:(|]:> = \/§

(1% £[K%)],  CPIKL) = +|K3)

m Decays
K9r—>ﬂ'71', K° - 7, K° - nrmw

but mg ~ 500 GeV and m, ~ 140 GeV
= much more phase space for 77 than 7w

m K9 short-lived, K? long-lived

Neutral mesons




Neutral mesons

The discovery of CP Violation

VoLuME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 Juiy 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T

J. H. Christenson, J. W. Cronin,} V. L. Fitch,} and R. Turlay®
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

PLAN VIEW

1
e ] -
AT bt s

Water
Cersnkov

FIG. 1. Plan view of the detector arrangement.




Neutral mesons

The discovery of CP Violation

The Christenson, Cronin, Fitch & Turlay experiment

m Prepare a beam of kaons
m Propagate: the short-lived component disappears
m If CP is a good symmetry, no decays — 77 should be observed

m ... they were observed!




Neutral mesons

Time evolution

m General case
[W(0)) = ag| M) + Bo|M°) — |W(t)) ="
IMO(1) = M) =7 [B0(1)) = e~ NI =7
= Time evolution of [M°), |M°):
{MO, MO} B { My, MLy 2 e My, MY 2 {MO, MO}

m Step 1
() s 325
IM®)) ~ puar +prga \pr —pu) \|Mr)

m Step 2

efthlMH> :e*iﬂHt|MH>7 e*th|ML> :efip,Lt|ML>

() = (o ) (i)

m Step 3




Time evolution of |M?), |M?)

m MO(t), 3O(t)

) = S5 s 0 - 0011300 + SV TGy}

10 = S { VT (0 + L0 0) + 09 (0] 1)}

efip‘t _ 67Ft/267th, g:l:(t) _ efAFt/267iAMt + e+AFt/2e+iAMt

m and decay into |f)
Ay = (fIT|M®), A = (f|T|MI°)

o) = 5 {loa) - 00-0) 4 + VT4, }

it

AT} = G {EVT= P-4, + o0 (0)+ 09- (0] 47 |




Time dependent rates |(f|7|M°(t)) ’ <f]’]'\]\7]0(t)>‘2

m Time dependence
lg+ ()] =2 {cos (AMt) + cosh (AQFt)]

AT
g+ (t)*g—(t) = 2sinh <2t) + 4 2sin (AMt)
m Introduce “Mixing x Decay” Af
q4; o _1=IMP o 2Re(y) o 2Im()y)
TopdAy TR T TR T T TP
m Collect time dependences

1T )| = —rt{ G [M°, f] cosh (55

t) + €.[M°, f] cos (AM¢)
+.7,[MP, f]sinh

Lt) + .7 [MO f]sin (AMt)
t

t) + €.[M°, f] cos (AM?)
- )+5”[M0 f]sin (AMt)}

> TDM‘D

BN

_ 0. f] cos
|<f|T|MO(t)>|2: e {J;g;}[l%o f] Slllfh((

[

S




N.B. Ty = (|47* +|4s%)/2

G, g - | Tr1=08) [ A+CHA+IIP) +(1—Cp)l1 -6
M 1—Cf<5 —2RRe(0*V1 — 62) + 2S;Im(6*v/1 — 62)
%[MO f]_ Ff (1-9 1+Cf 1_|9‘) (1_Cf)‘1_92|
e 1—Cf5 +2RsRe(0*V1 — 62) — 25;Im(0* V1 — 62)
Ts(1-96 —2(1+ Cy)Re(9)
0 £ _ f !
SulM, I = 1fcf {+2RfRe (VI= ) - 25, Im(vVI = )
Tp(1-4 2(1 + Cy)Im(0)
0 £ _ f f
FIM S = 2(1 - Cyé) { —25Re( 1—92)—2Rf1m(\/1—92)




Similarly

G [T =1 Tr(1+4) (1-Cy) 1+|0|) +(1+Cp)l1 - 67|
’ 2(1 — Cy8) | +2RsRe(0*V1 — 62) + 25,Im (6" V1 — 6?)
G, f) - T;046) [ (1-Cy) 149\) (1+Cy)|1 — 62|
e 2(1 — Cy6) | —2RsRe(0*v1 —62) — 28;Im(6*V1 — 6?)
. Lp(1+96) 2(1 — Cy)Re(6)
y MO _ f f
WM f] = 1—Cf(5 {+2RfRe 1—92) —l-QSfIm(\/l—GZ)}
. T(1+9) —2(1 — Cy)Im(0)
10, ) = T+, f
[ ,f] ].*Cf {+25’fRe 1—92) —2RfIm(\/1 —92)}




With 6 =0

AN = ot i 2
M, f] = F(f(lcé{zR }
G f) = 5 {2
SO, f] = Ff 1+5 5 (2rs)

. [M°, f] = lzf(lca {20}

M1 = 30 -257)
G0, f] = F(f(l”{ 204}
S, f] = Ff ) ) {257}




Pr(K°(t) — K°) (from |(f|T|K°(1))|*)

T T T T

Prob(K°(t) — X /(™)




Pr(BY(t) — BY) (from |(f|T|BY())[*)

Prob(BY(t) — X{7)
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Neutral mesons

CP Violation

m Consider now a decay channel which is a CP eigenstate

CP|fcp) = nserlfop)

eg ™, KTK~, J/U®, etc

m If there is matter-antimatter symmetry, i.e. CP invariance,
Pr(M°(t) — fop) = Pr(M°(t) — fop)
m that is, if

Pr(M(t) — fep) — Pr(MO(t) — fep) #0

we have CP Violation, matter-antimatter asymmetry!




(AT IMO @) = [T @) | =

_rt | A% cosh (A—{ )
+A.%, sinh (&Ft) + A7, sin (AM?)

t) + A%, cos (AM?) }

Ff

A =
©h 7o

{26} A%, =

1—Cyé {265}

Iy
A = 1_Cf6{—253f} A= =Gy {280}
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Neutral mesons

Time-dependent CP asymmetry in BY-BY (BaBar)

EASUREMENT OF TIME-DEPENDENT €7 ASYMMETRY PHYSICAL REVIEW D 79, 072009 (2009)
- B K (e a) o AT RIS @)
a vy ) 2 R @
i i

H 1

) i

E E

s s

H L

Raw Asymmetry Events/ (08 ps)
Raw Asymmetry Events /(0.8 s )

Aups)

Raw Asymmetry Events /(0.8ps )
Raw Asymmetry Events /(0.8 ps3

1|
oER T TR
e aie

FIG. 4 (colos online). (s) Number of B candidat
cortesponding raw asymmetry, (N — Ny
teptesentthe fit projections in A1 for B(5”
conteibutions in B(B%)

i) and with a 5 1ay and (b) the

es in the i .
b Ngs) as decay mode. The solid (dashed) curves
the s background
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Neutral mesons

Central question

In the previous discussion

m the ¢ evolution starts with |M°) or |[M°), but
how do you prepare these initial states?

d CP Phenomenolo



Neutral mesons

A different (apparently unrelated) question

For a two-meson state

a00(0) [ MOYM®) + a5(0)| M) 31°)
¥2(0)) = (+aoo< Y130 M) + ago(0))419) )

the question is:

ago (t)|M°)| M®) + ags(

—iHt t)
= ua(0) = [a(0) = Lot e

\./—

P Phenomenol



Neutral mesons

The “technology” is already in place:

Two meson states

|M°)|MO) qai
M) M) | 1 |prac
|M°)|M°) |~ D? | prac
|MO)|MP) i

with D = prgg +prqr

qr49H
—PHAL

pPrLqH
—PLPH

qrq9m

prLqH
—PHAL
—PLPH

qir | My)| Mu)
—PHYH | M) | My,)
—PHQH | My,)| M)
P | M1,) | My,)




Neutral mesons

The “technology” is already in place:
Two meson states

|MO)| M) i qLqE  qLqm aH | M) M)
IMOYMO) | 1 [prgr —pmwar  prga  —puaqa | | [Mu)|My)
|M°)|M° | ~ D2 | prar  pLga  —pE9L  —paqa | | [ML)|My)
|M°)| M) Pl —pLPH —PLPH Py | ML) My)

with D = prgn + prqr

[IM°>|M°> +[MO) M), |A) = = [[MO)[M°) — [M°)[M°)]

5|




Neutral mesons

The “technology” is already in place:
Two meson states

(M) M)
s |
INI9) 370
A)
qi qLqm qLqm i | M) | M)
i \/iquL PLQH\;EPHQL PLQH\;%’HQL 7ﬂquH |MH>|ML>
D> | i —PLPH —pLPH P |My,)| M)
0 __ PL9H+PHYL  PLYH+PH]L 0 |ML> |ML>

V2 V2




| My )| My) et g 0 | My )| My)
—ime | [Mn)|My) — oizut 0 10 0 | M) | M)
|My)|My) | 0 01 0 | My,)| M)
| M) | My) 0 0 0 etidut | My,) | My)

™" {ago(0)[M°)[M°®) + as(0)[S) + ago(0)|M°) | M°) + a(0)|A) }
= aoo(t)|M°)[M®) + as(t)|S) + ago ()| M°)|M°) + aa(t)|A)

aoo((t)) aoo((o))
ag(t . ) ag(0
— ( GF(t) ) )

GFl(t) — e—i2pt {e—iAptGEL + €+iAHtG51' +Ggl}




Neutral m.

(1-6)2 VZE(1 -0V 02 (1 6%) 0
or 1 V224(1-6)V1-62 2(1 — 62) V2E(1+6)vV1-62 0
T4 (1~ 6%) V2L(1+0)VT— 0% (14 6)2 0
0 0 0 0
(1+0)2 —V2E(1+0)vV1-62 5—2(1792) 0
GFL = 1 fﬁ%(j +60)vV1—62 2(1—62) 7\/55(1 —-0OV1—-602 0
4 Ly (1-6%) —V24(1 - 0)V1—6? (1—0)2 0
0 0 0 0
(1-62) VELOVT—6%  —;(1-6%) 0
G — 1 \/igzem 202 f\/ige 1-62 0
2 —L(1-6%)  —V2L0v1-6? (1—6%) 0
0 0 0 2

One line summary

‘e—iﬁt‘A> = e~i2mt|A) ‘




Neutral mesons

For =0

One line summary

—_

L V2R &
1 \/5% 2 \/55
n 2
e vae
0 0 0
1 —yer o
q q
—v2l 2 -v22
z —v24 1
P p
0 0 0
10 -Z 0
1] 0o o o0 o
. 2
21-4% o 1 o0
p
0 0 o0 2

e M A) = ei211| A) ‘

o O O O

o O O O

> Phenomenol



Neutral mesons

Importance

The simple evolution

e—th|A> _ e—iZ,ut|A>

is fundamental for “tagging”, i.e. knowing the initial state




Neutral mesons

Antisymmetric entangled state — Flavour Tag

m Time evolution
e_th|A) _ e—Fte—iQMt|A>

m Flavour Tag: BY decays into £~ while B} decays into £+

m = controlled state for the evolution of one (anti-)meson

Y(4S) — BB
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Antisymmetric entangled state — Flavour Tag

m Time evolution
e_th|A) _ e—Fte—iQMt|A>

m Flavour Tag: BY decays into £~ while B} decays into £+

m = controlled state for the evolution of one (anti-)meson

Y(4S) — BB




Neutral mesons

Antisymmetric entangled state — Flavour Tag

m Time evolution
e_th|A) _ e—Fte—iQMt|A>

m Flavour Tag: BY decays into £~ while B} decays into £+

m = controlled state for the evolution of one (anti-)meson

Y(4S) — BB




Neutral mesons

Antisymmetric entangled state — Flavour Tag

m Time evolution
e_th|A) _ e—Fte—iQMt|A>

m Flavour Tag: BY decays into £~ while B} decays into £+

m = controlled state for the evolution of one (anti-)meson

T(S) ~ BB




Neutral mesons

Antisymmetric entangled state — Flavour Tag

m Time evolution
e_th|A) _ e—Fte—iQMt|A>

m Flavour Tag: BY decays into £~ while B} decays into £+

m = controlled state for the evolution of one (anti-)meson

Y(4S) — BB _
Bxl




Neutral mesons

Resonances in ete™

— ] - — -

= 'S “ E
B T/ f 1
10°L $(25) Zf N
g i
- A 1
I I 1
10’ I =
g [\ E
R f L]
10 | / e
F N f,..uav?/ E
1 m
4F ‘ ‘ ]

10 1L L . -

1 10 10

Vs [GeV]
2
.
o

o(eTe” — hadrons ) :

R(s = 1?) = - —

o’(e"‘e— - M+H_) ‘ W




Neutral mesons

T Resonances and B mesons

25 gy st
T(3S 10PG = 0= ")
R
7 T(35) MASS
g voamevrin _ secn ‘comuen
o 10355.20.5 LARTAMONOV 00 MD1 et e~ — hadrons
1 10 ~
o [
e s WA WA . T(4S) 16UPC) = 01— )
© ) e L TRV L L S (1
Y(1S)  YeS)  Y(S) " Yus) or 7(10580)
944 946 10.00 10.02 1034 1037 10.54 10.58 10.62 T(‘s) MASS
Mass (GeV/c®)

10579.4:1.2 OUR AVERAGE

BOTTOM MESONS

o
%
1
=
2
]
a
&
L]
I
al

b, B~ =Tb, similarly for B*'s

107 =407) 1P = 4o)

1, J. P need confirmation. Quantum numbers shown are quark-model

1, J, P need confirmation. Quantum numbers shown are quark-model

predictions. predicticns
Mass mgs = 5279.61 = 0.16 MeV (S = 11)
Mass mg. = 5279.20 = 0.15 MeV (S = 11) Mg Mgs =032 1 0.06 MeV
Mean life 7 5. = (1.638 + 0.004) x 10712 5 Mean life 7 g = (1.520 = 0.004) x 1012 5
m e = 455.7 yu

7o /7go = 1076 + 0.004  (direct measurements)

BO-BY mixing parameters




T Resonances and B mesons

Neutral mesons

T(35) DECAY MODES

Scale factor/

Mode Fraction (I;/T) Confidence level
I, 7T(2S)anything (10.6 + 0.8 )%
I T@S)rt ™ (2.82+ 0.18) % S=16
I3 7(25) 070 (1.85+ 0.14) %
My T(2S)vy (50 £07)%
s  7(2S)x° < 5.1 x1074  CL=90%
e T@S)ntn~ ( 437+ 0.08) %
r,  118)x%=° ( 2204+ 0.13) %

T(4S) DECAY MODES

Mode Fraction (I';/T) Confidence level
rn BB > 96 % 095%
Iy Bt B~ (51.4 +0.6 )%
M D:’ anything + c.c. (178 +2.6 )%
T4 BOBO (48.6 +£0.6 )%
Is JJPKS + I/, me)KS < 4 x10-7 90%
6 non-BB < 4 % 95%
rs ete™ (115740.08) x 107>




Neutral mesons

T Resonances and B mesons: B-factories

A
s SuperKEKB
e T .



Neutral mesons

Y(4S) — BB (BYBY, B*B")

Decay Y(4S) — BB

m JPCY(4S) =1, JP[B] = JP[B] =0~
m BB state with C = —

|2 (0)) ~ (IBS@)IBY(-)) — |BY@)IBY(-5)))/v2

m Antisymmetric entangled state |A)

Miguel Nebot
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