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Elementary Particles II

3 — Flavor Physics and CP Violation

Quark Mixing — CKM - K° Strangeness oscillations
CP violation — Extension to Bottom and Charm
FCNC and Physics Beyond the Standard Model




Quark Mixing - I
Reminder:

Fermi constant from y decay 2~ Fermi constant from § decay

— ‘4<

—(l 16632 +0.00002) x 10~ SGeV" (1.136 £0.003) x 10 >GeV >

Tiny difference:

Kaon decay suppressed by a factor ~ 20 as compared to 7 decay

d Vu - Vu
Dwv\< K~ D\/\/\A<
u M u (o
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Quark Mixing - II

Weak eigenstates Strong (mass) eigenstates

d\ [ cos6. sin6, d
s’ )\ —sin6, cos#, s

Weak charged currents: Linear combinations of different flavors

Cabibbo explanation:

6.~ 13.1Y
Unique value for Cabibbo angle explaining many strange particle decays

Strong support for universality of weak interaction
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Quark Mixing - IT1

Another mistery

BR(K® — ' p ) ~10°BR(K" — p'v,)

GIM explaination:
thm<i:i? u g c
cos 6, % g Siné v; $ sin O, % d cosbe v 5
cos8. W~
—eee \NANN D [T
K'() d 4 ”
| [dy A Vu M| o< gy, cos B, sin 6,
S e N—e ut
sin@. Wt
—sinfB. W
d o
K - Vu M7 o< —gﬁ, cos 6,.sin 6,
S 4+
cos8. wt H

Tiny BR left due to m_ = m, in the virtual quark propagator
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Quark Mixing - IV

Extend mixing to 3 families:

d' dl (V, V. V,lld u' u
s’ :V(Z) 1= Vea Voo Val|s]s |€ :V(Z) ¢
b b) v, v, v, o) | !

2w . gy +
5 o4 Vs _d v
u —)—q: = u —)—-q:
w+ W+
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Quark Mixing - V

Encode mixing CKM matrix element into charged current

; — _Igl o | r
Jd'u = |: \/_}J-l (l ’YS)-d

d'—)—-q% : )
w- Jdu = [—177“ (]—YS )| Viad

juar =d {—177“1 (1 _};)}

W
V2 _
" —’—{ d = d" = (Viad)' P = Vi =
W+

Jud = AV l—ig_\/‘%yu%(l - YS)] "

—
vud
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Quark Mixing - VI

Charged current : gq,qq,qq

u d - = + d
d—>—1{: E“_‘q: >\va\. VVLY/\<
W= w—  a u

is —i%%w”%(l -7)

d _ a d - i
u——g d—<—fo >\,\W\: w‘i/m<u
+ u d
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CKM -1

Mixing weak eigenstates into mass eigenstates (or the opposite)

Generic mixing matrix:

33 Unitary matrix:

9 complex parameters — 18 real parameters

9 unitarity conditions: (UT) U Zau = ik=1,..,3
ij

— 18—9 =9 free, real parameters
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CKM - 11

Mixing matrix definition for 'up'- and 'down'-like quarks:

d'

c|=V  lu' | s 1=Vl '

t u,' b
(u) (u)
u,' t t
d’ d d
=1y =V s =V s
d,’' b b
Via
= Vexn :‘/(u)‘/(Z) =V=|V,
Vi
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CKM - 111

Re-define (arbitrary) phases of quark mass eigenstates:
u e 0 0 \(u d e’ 0 0 \(d
cl=| 0 €% 0 |lc|, |s|—=] 0 €% 0 |s
t 0 0 %)\« b 0 0 %)\b

Translate into redefinition of weak eigenstates:

u' e’ 0 0 \(u d' e’ 0 0 \(d
c'|[=VH 0 €% 0 |c|, |s'|=V]0 &% 0|s
t' 0 0 %)\t b' 0 0 &% )\b

Redefinition of weak eigenstates equivalent to CKM redefinition:

_i(ou l¢’d l(¢d _(ou ) l(¢s _¢u ) l((ob _(ou )

e 0 0 e 0 O V e V.e V.e
_i¢c l¢’s — l(¢d _(oc) l(¢s _¢C) i((ob_(oc)

Ver = 0 e 0 Vexu| O e 0 |=| Ve Ve Ve
0 0 P 0 0 PRL thel(sﬂd -9,) Vtsel(%%) thel(%%)
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CKM -1V

Factorize one (any) phase:

9y i i,
V..e V.e V.,e

u

— _i¢u l(¢u +@y _¢c) i(¢u+¢s_¢c) i(¢u+¢b_¢c)
—>Vexn =€ Ve Ve Ve

C

i(¢u+¢d7¢t) i(¢u+¢s7¢t) i(¢u+¢b7¢t)
Ve Ve Ve

Global field phase not relevant: Can't be used to fix one free V parameter
5 free relative phases
—9—-5=4 real free parameters
Encode as:
3 'rotation angles' (< Euler angles)
[In order to understand this:
Suppose the matrix is real - Any3x3 real, unitary matrix = Orthogonal
Any 3x3 orthogonal matrix = 3D Rotation — 3 angles]

1 complex (irreducible) phase factor
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CKM -V

—Generally CKM matrix must be complex, 3x3 real would require just 3 parameters

Standard form : — Will have 5 complex V,

Parameters:

0,,,0,;,0,, Rotation angles

0 Irreducible phase
s; =sin6,

c,; =cost;

CrC3 $12€13

o ) +ib
V =] —=5,6,5 — €555 CipCh3 = 8128735 15€

) +ib
812873 7 €1,C353€ —C1p853 7 81,C6355€

Experiment:

sinf,; < sinf,;, <sinf, K1
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CKM - VI

Product of 3 independent 2D rotations + 1 Phase

Visualizing CKM i1n standard representation:

c1z 8120
Uyz= | —s12 120

0 01

c1z 0513
Uiz = 0 10 1
—s13 0 €13 | Vekm = UzaUgUyaUsUs 2

1
J
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CKM - VII

Based on experimental evidence of some hierarchy among angles

Wolfenstein parametrization of V,,,:

Define:

A =sin6,,

AN =sinb,,

AN (p—in)=sinb e

Then:
2 4
cosf, =+1-)\* ~ A
2 8
)\2
1—— A AN’ (p — in)

2 N A\ =0.2259 £ 0.0021 ~ sin§,

— Ve - 1-— AN? A=0.8240.02
2 0— P
AN (1 —p— in) —AN® 1 =Y
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Filling CKM - I

Filling CKM (PDG 2013)

semileptonic / leptonic kaon decays

hadronic tau decays 1 ; .
superallowed 0" - 0" B decays l semileptonic / leptonic B decays

N rd

0.97425+0.00022 0.2252+0.0009 (4.15+0.49)x 10>

0.230+0.011 1.006+0.023 (409+1.1)x107°
(8.4+0.6) x107° (42.9+2.6 x107° 08910.07
semileptonic charm decays \
charm production in neutrino beams semlleptomc B decays

semileptonic / leptonic charm decays
B oscillations

single top production
Bs oscillations

CKM elements involving ¢ quark less well known
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Filling CKM - II

Ivudl from nuclear beta decay ( - :)
U
V B Super-allowed 0*—0* beta decays are
d ud Ve relatively free from theoretical uncertainties
2
[Mex |Vud|
e

V| = 0.97377 £0.00027 (~ cos 6,)

Superallowed (3 transition: AJ =0, AP =0

+ Same level structure for both initial and final nucleus, just n < p

Global level shift, only due to Coulomb energy — No theoretical corrections!
Example:n — p+e +7,

— High precision measurement of V , from transition rate
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Filling CKM -

111

|Vus| from semi-leptonic kaon decays
u 0
T3 /4
o u
K S Vus .
Ve
e

Differential decay rate:

dT(K° > 7z'ev)  Gm

dx 1927°
H,_J

4
Standard 3-body
total rate
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T o< |Vys?

V| = 0.2257 +0.0021

VMS

K

Form factor

iy
Phase space factor

2 3/2
2 m
f(qz)z[X§—4—§j X, =
— m

(")

(=sin6,)

2F

T

My
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Filling CKM - IV

|Vcd|

from neutrino scattering

Vu+N—utpu~X (X)

Look for opposite charge di-muon events in Vp scattering from production and
decay of a D" (cd) meson

opposite sign
U pair

E.Menichetti - Universita' di Torino

—4—\ = |[|Vea| =0.230+0.011

Rate o< [V4>Br(D* — Xptv,)

Measured in various
collider experiments
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Filling CKM -V

|Vcs| from semi-leptonic charmed meson decays ( x )
e.g. T o |Vcs|2
D *Precision limited by theoretical uncertainties

[Ves| = 0.957 £0.017 £0.093

experimental error meory uncertainty

Make D*D- pairs from ete— y(3770)— D*D-
BR Dt — K’ e*v, = ( 8.83+0.22) %
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Filling CKM - VI

|Vcb| from semi-leptonic B hadron decays ( . x)
eg. D0 i
B s [N |vcb|“
b vcb v,
\Ven| = 0.0416 £0.0006
-
ﬁnfﬂ’ﬂ - ) [a] ( 2.23 +0.11 j%

T - 2.5 e\ 2 E

dT(b — cl I/l):GFmbz|Vab|2 2x2[1 x g] [3_2x+<+ 2¢ ] c=m 2B
dx 1927 1—x 1—x m

L=10"%cm s - L ~10%cm*d™"

O ~ 1 nb= 10 ¥em* - R~10°BB d!

_)RdecN103 Doe_fe d'— VTstar_ 3%

Ve T (days)
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Filling CKM - VII

|Vub| from semi-leptonic B hadron decays o
€.g. i te
u - 5
- > [N |V,
B b Vb v, | “bl
V| = 0.0043 +0.0003
-
0t v ( 77 £12 )x107°
- 2
- V 2 2
LO—ul v) [ 5 f(m’; /ml;) , compare rates
I'b—cl v,) ‘Vcb‘ f(m>Im)

L=10"%ecm s ' = L ~10%cm *d"'
0, ~1nb=10" cm* - R~10°BB d'
o 30%

stat
Vi T (days)

0 —— -1
— R, ~10 mev, d —
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Filling CKM - VIII

|th| from single top production
u d
W
b t

E.Menichetti - Universita' di Torino

Fall 2015




Filling CKM - IX

|Vi|| | from B,, B, oscillations

Vi

Cannot rely on direct measurements of V ,, V.. from ¢ decays: Too small

Rather use loop diagrams of B,, B, oscillations

u, c V
) 1 ts, s
w* W
s =" +  Similar for B,, yielding V.
Vis w Vi ‘ ¢

E.Menichetti - Universita' di Torino
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CKM Triangles - 1

Ve unitary: 9 unitarity conditions

Take 6 'off-diagonal’ conditions:

(3) Vusvuz + Vcsvcz + ‘/ts‘/tlt — 0’ (4) Vutivcd + Vuivcs + Vb;vcb — O’

Each condition:

Sum of 3 complex numbers = 0

Complex number £ Vector in the complex plane

— Each condition ~ 3 numbers should add to a closed triangle
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CKM Triangles - 11

Sides & Angles from experiment

Area: Same for all 6

1 1 i , ,
Ariangl@ :EJCP — Elm(‘/ijvkl‘/il ij); 1= k’] = la Im

_ 2  A21\6
Jer = $12513523C12€136 355, ~ AN

— J .»= Nice measure of oP

Example: Most common unitary triangle

ViV TVeiV + ViV =0
Wolfenstein approximation:

2

A)\3[1—%](p+in) — AN 1+ AN (p+in)| + AN

E.Menichetti - Universita' di Torino
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CKM Triangles - I11

2

e

V.V, =-AL

C

V.V, = AV [1-(p+in)]

N\

Normalize to V.V, =—AA’ =1;
Ignore overall — signs
2

) A : :
Vuqub :(1_7j(p+”7) zp‘"”]

VchCZ =1
thVtZ zl—(p+i77)
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CKM Triangles - IV

Recent fit by CKMFitter group:

Observable Centralx1 0 +t20 +30

A 0.812 [+0.015 -0.022] 0.812 [+0.025 -0.031] 0.812 [+0.035 -0.039]
A 0.22543 [+0.00059 -0.00095] 0.2254 [+0.0010 -0.0019] 0.2254 [+0.0013 -0.0027]
pbar 0.145 [+0.027 -0.027] 0.145 [+0.046 -0.040] 0.145 [+0.057 -0.050]
nbar 0.343 [+0.015 -0.015] 0.343 [+0.030 -0.026] 0.343 [+0.044 -0.035]
J[109] 2.96 [+0.18 -0.14] 2.96 [+0.32 -0.19] 2.96 [+0.46 -0.23]

a [deg] 91.1 [+4.3 -4.3] 91.1[+7.1 -6.2] 91.1[+8.8 -7.8]
a [deg] (meas. not in the fit) 95.9 [+2.2 -5.6] 95.9 [+3.6 -10.9] 95.9 [+5.0 -12.8]
a [deg] (dir. meas.) 88.7 [+4.6 -4.2] 88.7 [+9.4 -8.5] 89 [+21 -13]

B [deg] 21.85[+0.80 -0.77] 21.9[+1.6 -1.3] 21.9[+2.5-1.8]
B [deg] (meas. not in the fit) 27.5[+1.2 -1.4] 27.5[+1.9 -3.9] 27.5[+2.6 -6.8]
y [deq] 67.1 [+4.3 -4.3] 67.1[+6.1 -7.0] 67.1[+7.6 -8.5]
y [deg] (meas. not in the fit) 67.2 [+4.4 -4.6] 67.2 [+6.1 -7.2] 67.2 [+7.6 -8.7]
y [deg] (dir. meas.) 66 [+12 -12] 66 [+23 -22] 66 [+36 -30]
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K Oscillations - 1

First among a host of astonishing quantum mechanical oddities

C K°> = ‘I?°> Not a C eigenstate

C I?°> = ‘K°> Not a C eigenstate

— Make C eigenstates:
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K Oscillations - 11

Kaons : Just weak decays (< Lightest strange hadron)

C, P not conserved by weak processes
CP almost conserved by weak processes — Take it as good for the moment

— Focus on CP as a symmetry for weak processes

CP eigenstates:

cp\z<p>:cp%qm_m)}c[ :

CP|K})=—|K?) CP=-1

(_‘KO>+‘EO>)}=+\KP> CP=+1

-

Observe: K|, K CP eigenstates, like photon, 7”

— Different particles
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K Oscillations - I11

K°: Many different decay modes, including weak I ecays into pions

Consider first decays into 2 7's:

= Cx7°)=+1.+1=+1

E.Menichetti - Universita' di Torino

— CP=+1 forboth ntnm and nnv

KO _y 70 t0 KO — mr i
0 P 0m 040 Stillhave L=0 ]
o _ = Prr)=-1-1(-1) =(-1) =+1
0 /L=O Ang. mom. conservation C and P operations have identical effect :
T ® :> L = 0 .
) o , L T+ C T
=  Pr’r’)=-1.-1(-1)" =(-1) =+1 ¢ — ® | (nospins
. - / ]3 N / involved)
0 is eigenstate of C : C‘;r°> = +‘ zr”) Ko . |Te

=  C(x'n)=Pr'n)=(-1)=+1
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K Oscillations - IV

Consider then decays into 3 7's:

KO — n0n0 gm0 KO — 1+ 1 70
) P 050 +07+0 "o resbove L1
L/ ! Ang. mom. conservation B / L, S above. L
70 \ 2 n ® \.
° ® 0 — L®L =0 m
= L=l — P ) =11 —1(-1F(-1)" =-1
= P(r°z’n°)=-1-1.-1(-1)"(-1)" =-1 Crnn’)=+1.C(x"n" ) =+1(-1)" = +1

0_0_0y__ _
Crmr)=+l+l+1=+] Experimentally: L, =0 from study ‘
of angular distributions of n*, -

—  CP=-1 forboth mtn—n%and n n® x°
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K Oscillations -V

If CP is conserved in weak processes:
K —r

. Exclusively
K, — nnr

Summary so far about neutral K states:

Production (by strong interaction) : ‘K °>,

K°)

Decay (by weak interaction): ‘ K} >,

KY)
Wl‘KO> = Wl‘fo> = WL‘K10> = WL‘K% =498 MeV
Expect, and find:

K — zzr  Fast: Larger phase spaceetc ~ —7,=0.9 10""s 'K short'

K} — 7z Slow: Smaller phase space etc  —7,=0.510"s 'K long'
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K Oscillations - VI

K, =K} (- 7r) 7,=0910"s 'K short' CP=+1
K, =K)(—»>#zr) 1,=0510"s 'Klong' CP=-1

Provisionally identify:

Therefore:

0 , Different CP
K=K ,K, =K, :

> Different lifetime K K
|

Also: Different mass!
Old fashioned (but simple) argument:
Different virtual weak couplings, 27 vs 37 T h

— Different corrections to the mass - —
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K Oscillations - VII

Taking a neutral K beam produced by strong interaction, expect qualitatively

21 decays near the start of a K9 beam
3n decays near the end

Ks = nn

KLonnn
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K Oscillations - VIII

Production: Strong interaction — Strangeness conserved

Neglect weak interaction in production process
Strongly produced neutral K either K° or K°

— Either K° or K° as initial condition for the K wave function

Time evolution : Weak interaction — Strangeness not conserved

Neglect strong interaction in time evolution
Neither P or C conserved by weak interaction; CP ( provisionally)conserved

— Propagate CP eigenstates K, K,

Take a definite production process:

(4> >—d | Ko
U 5
- 07-0
T p—>AK 2 )( 2
p U—>——3>—Uu A0
d—> > d

E.Menichetti - Universita' di Torino Fall 2015



K Oscillations - IX

syl ke UJ
v g [yl e e
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K Oscillations - X

Time evolution of strangeness content of the beam:

Initial condition K°

Am=m, —mj

IV v R R - (r+Ty) ]

I(Ko)zie [ ' 2}+e ( 2} :i et e £ 2e ; " cos Amt

— 9 . ]
_il m —iEL — mS—iF—S (T +Ty)

I(I?O)=ie ( ' 2}—6 ( 2} :% e re ™ Z2 2 cosAmt

— Strangeness oscillations

Detected in many ways, for example by semileptonic modes:

-0 -+
K Sm ey, AQ = AS rule: Unambiguous strangeness assignment from decay products

K’ srtev,
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K Oscillations - X1

08 I =

o
=]

Interference!

Intensity

o
~

02 F

08

o
=}

Expanded timescale:

Intensity

o
s

0.2

0o 2 4 6 8 10 12 14
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K Oscillati XII
...And it’s true!
Semileptonic decays
[ 5
N + —N - 008~ 1
= - ‘- CHARGE ASYMMETRY N THE DECAYS Ko w'o'y
N7r+ + N7r_ 006 ~
004 — |
o0z
: e B ' ' '
S 0 2 } E R
* K? DECAY TME ' (0™ sec) |
-.om.—
Asymmetry # 0 at large #: .
s § CP violation |
-008 |-
Time ——
-00e J
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K Oscillations - XIII

CPLEAR experiment fit to Am

0.7
u w 0.1
R.=T(K ,— " etv,) . § o
L R
R_=T(K.,— rateV,) ®El Egt
04— -C.08
R_= (E?—() T G_V(-) 03 E— 'f;f"?
R =T(K o— n etv) 2 E
VRN
_(RAR)-(R_4R.)
n = — 3 E
L L 1 L 1 L ! | 1 1 L 1 | L 1 L 1
2¢~ UsHTLI/2 cos Amt 5 10 15 20
Aam = e Tst e Tt Neutral kaon decay time [15]
Am = 3.485 x 10~ 15 GeV I
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K Oscillations - XTIV

Observe:
T(K® 1?0)22—7T
Am
—)T(KO(—)E()): 222 == 222 (
34910 “MeV  3.49 10 “MeV

6.5810"* MeVs ~1.18 ns

7, ~895107" s
T

——~133
Ts

— Just a fraction of a single oscillation within a K lifetime

h

E.Menichetti - Universita' di Torino
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K Oscillations - XV

Summary of decay rates ( CP conserved):
2 lifetimes (275, 37)

Strangeness oscillations (Semileptonic)

2 masses (27 37)

e — : ————— .
1 1
- PureK’att=0 | Pure K’ att=0
§ = i
= -2 = 2
N > 10
8 @
2 E total
S 10- E 10 =
o i)
g B
> 3 - -
§ 0 o' n’ g‘
© °
S|
10"k
e i L PR |
° 15 20 30 25
t/100s
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K¢ Regeneration - I

Production reactions (e.g. at low energy):

K': 7 +p—K" +A°
K': 77+ p—K°+K"+ p Higher threshold

Take first reaction — Initially pure K° beam
After several 7 : K; component off — Pure K, beam

Introduce some material in the beam path: Funny effect!
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K¢ Regeneration - 11

Total cross section different for K°, K" :

Indeed, e.g.
EO + p— 7.(_+ + AO
is strictly forbidden for K°

- JKO = JEO

Remembering the "OpticalTheorem":

o, = 4%TIm f (0) f (O) forward scattering amplitude

tot

_)fKO (0>¢f1?° (0)

Take forward scattering (= propagation) of our pure K, beam:

)= )] s,

[K.)—al K )+b]K), o +]p =1

K')+ B(f )| K°))=|K.)

— A | K S> component has been regenerated by the material!

E.Menichetti - Universita' di Torino
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K¢ Regeneration - 111

Piccioni et al. — Berkeley = 1956

« Schema dell'esperimento:
K0 670 Mevi/c

amera a bolle a propano:

T

1.1 Gevic
Bersaglio H

68m

Inciden! X3 baom

FFPERT

I

I

p

T TR T T T I T LR T T T T TN T

I 15 cm J."’

Dalle tracce & possibile misurare gli
impulsi dei due 1, dalla cui somma
vettoriale si ricava la direzione del K
rigenerato, e quindi I'angolo 6
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]
|
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Liad 15
|

!

- 4 cm L

O A ' - ~ g
O OAF M N SN W o Ses % O KK
oy £
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K¢ Regeneration - IV

KTEV - Fermilab = 2000

Spectrometer 1 Hodoscopes

Magnet . ¥
Photon Veto Detectors S T e

e, W oo

| 10 % |

|| 104
REREal 5

20 em]

- Decay Reﬁion |
A

2K beams - |f

Sweeping

. Magnet £ i T
| Vacuum Window Ch'ﬁ‘hm E; At by 10° L
1 ngger  Muon 3
Collimator Bk P _
L L ! ,LO . 1.|40 ! ]éo ! 1é0 L [ m. PO S T T TN S SN TN [ T ST SN SN N S S S T N S S S S S S "1 1
]00 g Distance from Target (m) IT: 130 135 140 145 150 155
Regeherator

Strong K, regeneration signalled by 27 decays with 7 lifetime
[Large interference observed in 27 rate:

Regenerated K, component interfering with CP violating, 27 decay of K, beam]
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K CP Violation -1

K, — 7 m decay observed in 1964; K, — 7'n’ decay also observed

Small BR ~ 10°°

REGION OF
OBSERVED DECAYS
PLAN VIEW

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

WATER
CERENKOV
COUNTER

SCINTILLATOR

5711 TO
INTERNAL
TARGET
WATER
CERENKOV
. COUNTER
. . ot _‘f_‘*,‘_'.§ X
Fondo principale: & W’\ﬂw:‘- W
Segnale cercato: ' ~

T
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484 <m™ < 494 t+10
a ol —
ey v odadkad 171 IO I W PN
30
K,—>ntn
' B 20
Effect is tiny:
about 2/1000 SN
494 < m*< 504 10
o I J] Jl'_l._l
AP ] UYLy o
504<m*<514 410
0.999¢6 0.9997 0.9998 0.9999 1.0000
cos @
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K CP Violation - I1

Three possible mechanisms:

DK, ,K, not CP eigenstates - Decay CP conserving
(| K)o ) K8 = ) <] 3))
1+|e] 14|

K, — 7 accounted for by

—>‘K£>:

1

K%)=
K7) o

\KS >—l— € ‘ K10 > Mixing CP: Measured by small parameter ¢
l !

T v

|2

2)Decay CP violating - K, ,K; CP eigenstates

o\ |0
‘ KL> o ‘K2> Direct CP: Measured by very small parameter ¢'

3) Interference between mixing and decay

E.Menichetti - Universita' di Torino
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K CP Violation - III

Define:

in.|= MK —sn*n)

=L —~ =(2.276£0.017)x1073
'Ky »7n77n7)

M(K® —7°7°)
MK -7°7°%

100 = =(2.262+0.017)x10™

Expect:

Case 1) —n,_ =1,
Case 2) — 1, _ =1,

Generally (see later):
N, =¢c+e'
N, =¢ec—2¢'

— &' g, must be very small

E.Menichetti - Universita' di Torino Fall 2015




K CP Violation - 1V

Focus on mixing CoP, ignore direct CP for the moment
e =le|e Measuring mixing CP

For a neutral beam initially pure K° / K° :

7w decay rate as a function of distance

) VALY
e TSt 4 |8 e ! _|_2|€|e 2 cos(Amt—90>

K; contribution Interference

I(Ko;t):%(l—ZRe(s))

I +Ts,

R )= N (14 2Re(e))e ™ 4lef e 2fe T cos(dmr—p)

— Get |€|,cp,Am

€] = (2.285+0.019)x10~
¢ =(43.5%0.6)

E.Menichetti - Universita' di Torino
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K CP Violation -V

...Quite correct! Pure interference term

—
[ ‘
L 1" .
i - [
0t ',\ l
H L 1
T Y
I £ ‘
t1 et |
ae [ g ;
2 s !
pd 10
E I S £(10"s)
=2
o
(&}
lO’_— (a)
0=
[ {b)
| curve: no interference term
0’ L L 1 1 1 1 M |
5 0 15 20 % 30
T (10%)

Similar to regeneration data, but : No regenerator!

Interference between K, and K in 27 decay

— K, and K states not orthogonal: Both have a K, component

E.Menichetti - Universita' di Torino
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K CP Violation - VI

Neutral beam at large distance from production ta@’ure K,

t) = () <)

) ) p— _[(142)| k) +(1-2)| °)]
2(1—|—|€|)

N — _[(1+¢)[K*)~(1-<)| k)]
2(1—|—|€|)

Take semileptonic decays, e.g. K ;:

0 —
K'—mev,

-0 + —— —0
K —7mev, 78 P

(4
Observe:

CP|K°)=|K")
CP‘ 7T_€+Ve> = ‘W+e_ﬁe>
— No CP eigenstates

E.Menichetti - Universita' di Torino
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K CP Violation - VII

Define CP violation asymmetry for semileptonic decays (K ;)
F(KL — 7T_€+Ve)— F(KL — 7r+e_ﬁe)
F(KL — 7T_€+Ve)—|— F(KL — 7r+e_ﬁe)

o=

F[KL . w+e;7€] () ox[i—ef

P(K, e 7)oc[[RO[K, )| oc[t+ef

kel =(14e)(1+e )~ l+e+e =14£2Ree

— o~ (1—|—2Re5)—(1—2Re5) = 4Ree =2Ree= 2|5|cosq§
(1+2Ree)+(1—2Ree) 2

— §~3.2110"° calculated by taking ¢ from 77

Measured: (3.27 + 0.012)10_3
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K CP Violation - VIII

CPLEAR — CERN ’90s

lm w

Magnet coil B=0.44T

elefromagneiic
calorimeter

Eleciromagnellc calorimeler

Driti chambers
Beam monliar

6 drift chambers
13 MeV/?
(56 —10) ps

QR

3 proportional
chambers

.
cherenkov scintillator
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K CP Violation - IX

Experiment CPLEAR

(CERN p Low Energy Accumulator Ring - LEAR) —~ 1995

Use reactions:

pp— K 17K’

pp — K 7 K°

and semileptonic decays
K’ — 7T_€+I/e

_, -
K’ —n'en,

produced ,
Strangeness of K state: Tagged unambiguously
decaying

E.Menichetti - Universita' di Torino
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K CP Violation - X

FS+FLt

1 _
R, F(K°0—>7tev) NZ{eFS’+eFL’+26 2 cosAmt}

Strangeness oscillations in presence of CoP:

1 _FS+FLt
R = F(Ktozo — 7L'+e'l7e) e +e'—2¢ 2 cosAmt
_ 1l Dyl ]
R+=F(K°0—>7t eV ) e +e'=2e¢ 2 cosAmt

FS+FLt

_ _ N 1 .
R = F(Kto=0 - 7L'+e_Ve) = Nz[ers’ +e " +2 2 cos Amt}

Ry vy

11) 2¢ 2 cosAmt
R ) el et
)

Asymmetry not sensitive to CP violation
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K CP Violation - XI

Decays into 2 7's: Time dependent asymmetry
F(I?O — 7r7r)—F(K° — 7r7r)
F(EO — 7T7T)+F(K0 — 71'71')

A(7T7T> =

N LTy, '
I(Ko;t) = ?(1—2Re(6)> e el e 1 2lele 2 cos(Amt—y)

4T,

e—Fst +|€|2 e*FLt _2|€|e_ 2 COS(Amt_SO>

2

I(Eo;t) = —(1+2Re(s)>

\®]

_ N ) VRN RVERS ‘
I(Ko;t) ay e +le[ e —2lele 2 cos(Amr—p)+2Re(g)e” —4Re(e)lele 2 cos(Amr—¢p)
N: ’ ,M, 7FL+FSt |

I(Ko;t) ~ e el e +2lele  ? cos(Amr—p)—2Re(e)e " —4Re(e)lele 2 cos(Ami—y)

T, 4T

—2lele 2 "cos (Amt—p)+2Re(g)e™

I(I?O;t)—l(Ko;t>mN

I 4T,

I(Eo;t)+I(K°;t) ~ Nle +|g|2 e —4Re(s)|5|e_ 2
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K CP Violation - XII

I +Ts,

N —2|ele 2 cos(Amt—yp)+2Re(e)e
~ I, +0
e+ |<€|2 e " —4Re(e) |<€| e 2

A(7T7r)

Keeping only terms linear in |5| :

r 4Ty
-t ~ rer,
A%4Re(s)e 4|62|e_p, cos(Amt 90):2Re(6)—2|6|€ > cos(Amt — )

e S

(Ts—Ty)

— A7)~ 2|Re(e)—e|le 2 tcos(Amt—qb)

E.Menichetti - Universita' di Torino
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K CP Violation - XIII

CPLEAR on 27 decays
Expected decay rates Observed decay rates
for K 0, E 0 1n1tlal State fOI‘ K 0, Iz 0 1n1t1a1 state
Prediction with CP violation
- 5 M CPLEAR data
E‘_ K¢ —nm ] %107—".
T ?—‘ "".. JT+R'_
. EW“:
10 - = = s
£k < I L
Foaf 105 % tagged initial K
80 I i o
E :' 104 F n“'_:.'- /
ol | e
5 103;_ %’”’H- F
nog - lagged initial KV 't H”*{’.}V 14
) 102 t ll
e T N T N T IN T 2 4 6 8 10 12 14 16 18 20
110" s Neutral -kaon decay time [tg

* interference term
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K CP Violation - XIV

Time dependent asymmetry: Time dependent decay rate asymmetry
I(K°)-T(K") i
T(K°)+T(K°)

(Is—T'r)

— A(nm)~2Re(c)—2Jele 2 tcos(Amt—¢)

A(7r7r) =

A+-
]
v

[Lery———

L DLO2 #
-05 Fpot

F D

-00L

_—D.U'l 1 1 M h 1 L M

1 Pn ) l‘l |+ a3 s 1 s 3 3 3

5 L0 15 2
21 time dependert decay cate asymmetry T

G
T
i
i
“
——

|e| = (2.264 £0.035)10°°
— 1o =(43.1940.073)’
| Am = (3.485240.013)10 " GeV

RK" =» ntn~) =0 X R(K" = ntn~)

R(K? = 7#+7=}+ o X B(K" = w+7x=)
=

0

E.Menichetti - Universita' di Torino
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K CP Violation - XV

CP violation in 37 decays

Expect, by swapping K, «— K, :

I+

I(Ko;t):%(l—ZRe(s)) e plel e 4 2lele 2 tCOS(Amt—go)

Very different experimental conditions as compared to 27 :

Lots of CP conserving 37 decays from K, component of the beam

(Compare: No CP conserving 27 from K component, which just dies out at large distance)

— Measurement difficult, large errors

E.Menichetti - Universita' di Torino
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K CP Violation - XVI

Summary of decay rates ( CP violated)

T T T T T T T T T T T T T T T T

PureK’att=0 o

. Pure K°att=0

10

decay rate (arbitrary units)
decay rate (arbitrary units)

EI AIFETE SRR | i Jlm 1 saannl ol 5o sl

10 E

= % VA ——
10 L

S|:
10 E

. —— :
10 L 1 i

0 5 10 15 20 25 25
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KT, CPT Tests -1

From previous conclusions on CP violation:

Ty+T,
R_= F(Ktozo - w*e‘ﬁe) = N(1—4Re s)i e pe 26 2
_ _ 1 _Ls+Ty,
R, = F(Ktozo — w‘e*ue) = N(1+4Ree)1 e e —2e 2

t

— F(KOZO — I?O)IF(IZO:O — K0>

— Amplitude of direct process = Amplitude of reverse process
— CP violation <« Time Reversal violation

To be expected if CPT is a good symmetry

Define T asymmetry:
F(I?tozo — K0>—F(Ktozo — I?0>
F(I?IOZO — K0>—|—1_‘(Kt0:0 — EO>

AT:

E.Menichetti - Universita' di Torino

cos Amt

cos Amt
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KT, CPT Tests - 11

Measure by taking semileptonic:
F(I?tozo —T ey, ) — F(Ktozo — 7T+e_ﬁe>

A= F(Eto:o — 7T_e+7/e>+ F(Ktozo - 7T+€_ﬁ">

A, ~4Re(c) = 4¢|cos ¢ Time independent constant

— Expect from 7 CP violation

A ~66107° o
Measure: * 0105
A =(62%17) 107 002 |
0.01 E

0 E

~0.01 F

IS P

—0.02 Felosol s basslysy

E.Menichetti - Universita' di Torino
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K T, CPT Tests - I11

Semileptonic decays also used to test CPT

Simple test:
F(KO — KO):I’(I?O — EO)

Define CPT asymmetry :

F(KO ~ KO)—P(EO ~ K°>

AcPT - F(KO IR KO)—I—P(EO _ EO)
Measure by:

F(Ktozo 7T_e+ye>—F<I?t0:0 — 7r+e_ﬁe)
Acpr = =

F(iy e T (L e

E.Menichetti - Universita' di Torino Fall 2015




KT, CPT Tests -1V

N
F(K,O:O — w‘e*ue) = NZ e te " +2e 2 cosAmt

Since:

1 [ D+l

F(I?,O:O — 7r+e_17€) = NZ e e +2e 2 cosAmt

— Expect:
Ay =0, ¢ independent

Measure:
" 0.1
F:F 0.08
0.06
0.04 |
0.02

-0.02 |
-0.04
-0.06 |
-0.08
-0.1

7 4 6 8 10 2 14 16 18 20
Neutral—kaon decay time [15]
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K Direct CP Violation - 1

Another side of CP: K° decays CP violating

— Direct Qf{

Amplitude ratios :
7t |T|K? . m'n’ |T| K} '
-

In order to relate 7, ¢ parameters to ¢,

a)Decompose 27 states into isospin eigenstates:

<<7r+7r‘—%<1—2|+\/%<1—0|
0_0f__ g _ _L —
<7r7r‘—\/;<1—2| \/§<1_0|

I =1 absent due to Bose statistics of 7's in a S-wave

L

E.Menichetti - Universita' di Torino Fall 2015




K Direct CP Violation - I1

Full 27 states should include proper phase factors

originating from S-wave 7 scattering

L 2

<7r s ‘:$<2e —I—\/;<Oe
ool [24pum_ L

<7r7r ‘— 3<2 \/§<0

Define decay amplitudes into isospin states:

i8

i

4,=(0|H, |K*)

Ay

(2|H,|K°)

E.Menichetti - Universita' di Torino Fall 2015



K Direct CP Violation - III

CP|r7m)=+1— CPT|0)=(0|,CPT|2) =2
CP|K")=—|K")— CPT|K*)=—(K’]

|H,.CPT|=0
(01, |K") =~ (K |H,|0) = —4;
(2[H, |R") S (K|H,|2) = —4;
[ — [(14+)| k) +(1-€)|R)
2(1+|€|
K8) = ————](1+2)| )~ (1-2)| B")
21+|8|

E.Menichetti - Universita' di Torino Fall 2015




K Direct CP Violation - IV

i&o]_|_IInAzei62

Transition matrix elements:

7 W o[Re e+ V2ae
\/— W [RceAQe"‘52 +\/§Aoei5° —l—sImAze"‘SZ]

<7T+7T_‘H‘K0

<7T+7r*‘H‘K°

7’ |H |K] e|V2Re Ae™ — Ae™ |[+21m Ae™
(82~ e |
2 1 isy i, i,

<7T07T0‘H‘K3>:\/§ 2(1+|6|2)[\/§R6A2e5—A0e5—i—sx/EImAze‘S]
After some complex algebra:

T TlKD) 1 may .
77+—<7r+7r_‘T‘K;’> T Ao =e+e¢
7700:<7T07T0‘T‘K(L)>28—\/§—A2 ) =e—2¢"

(TR A
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K Direct CP Violation -V

Double ratio magic:
Gkl L LY N
N e TS R
TR
o = o Ry T

E.Menichetti - Universita' di Torino

Tho ’ |<€—25'|2 (6—25')(5—25')* |5|2—4Re(5‘5)
—|— = = —
n,._ |<€—|—<€'|2 (e+e')(e+e) |5|2—|—2Re(€'€)
2 1_4Re(52'€)
_)h - |€|‘ ~ 1_2Re(52'5) B Re(i'(g) - _6Re(€2'6>
M- 1_4_21{6(66) |€| |5| |5|
ef
00
e )
| Moo i_ ~1—6Re-—~
U ‘ N |5|
N~

Fall 2015




K Direct CP Violation - VI

Actually a very important question:
Does weak interaction violate CP?

E+0
=0

'80s :

Re|—

Re|—

yes
don’t know

=(23.0+£6.5)x107(NA31)  >30

=(7.4+5.9)x10%(E73]) ~1.50

=(153+£2.6)x107*(NA48)  ~ 60

=(20.7+£2.8)x107*(KTEV) >To

E.Menichetti - Universita' di Torino

Mostly systematics
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K Direct CP Violation - VII

NA48 technique

+ Employ two almost collinear neutral beams

* Collect the four decay modes simoultaneously, in the
same detector and from the same decay region

* Keep the acceptance correction small by weighting the K_
events according to the ratio of Kg/K_ decay intensities
as a function of proper time

- Distinguish Kg and K events by tagging the protons
upstream of the Kg target

* Use precise and stable liquid krypton (LKr) calorimetry
to control the relative momentum scale

E.Menichetti - Universita' di Torino Fall 2015




K Direct CP Violation - VIII

NA48 Beams (1999)

- "y ,
SPS spill length : 2.38 s K anticounter not (o scale !
Cycletime: 1445 Ks (AKS)
Proton momentum ; 450 GeV/c Targel

F( LTa rget

K
Muon sweeping L ,
cristal

Bent /
-
Last collimator

12
~1.5 10 protons per spill

Ks tagging station

Decay Region
( ~3. 10 "protons per spill) (~ 40 m long)
~126 m ~114 m
- R 2 -

E.Menichetti - Universita' di Torino Fall 2015



K Direct CP Violation - IX

LKr calorimecier time resobation (50 GeV ¢)

wodl | B NA48 Detectors

“ T 6(p)/p =0.48%®0.009p%

4 Liquld keypton calor imeler
4 = Whowet vevarsd -—l-.n-m‘-m-rhm—:u - 4 ‘"ﬂm.

o, = 230 ps /!

7 -
- Antlccunter7
s /‘

Kon*n

'_;h
g
=
-
0
5 ooa ' - - - 4
% (X} : :
a0z a TLE /) (ofer intetcaibpation) 0
43 ! f
on | :,. O’{E);{E H i :
o
el | | .. o(E)YE<1%
“;.";*'--.<.....---'--"""'"-” } 1 L L L L L
k ‘ .u"-ﬂ" n S0 1000 TS00 2000 ZN00 00D MO0 400D a%00
I ...,,.._.“.._.‘_._‘ Zicm)

(E> 20 GeV) ?
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K Direct CP Violation - X

Systematics Checks and Result

R stability against cut variations

g &

Double Ratio

+/ndl = 13.2/19

1 | I—— |

PR PR P | 1 1
0%708090

E.Menichetti - Universita' di Torino

100 110 120 130 140 150 160 970

Kaon energy (GeV)

COG- 12em |

COG« Tem

AM, < 350

AM,, - 250

pg = 3.0x00”

P 1.8x00%

Rell < 1.9

Relf < 1.1

t= 3815

T 281y

fagging window + 2.5 ns
tagging window + 1.5 ns
accept QX dead fime
accopl MEX dead fime
accep! ¥ view OVFL
reject OVFL £ 281 ns
rajsct OVFL + 544 na
roject extra racks
Wa/KT infensity weighting
't radius > 18cm

freck radius > 18 cm
asp< 02

na asp cur

ingaing fracks
autgaing tracks

—/

todal syl ervoe

Beam Halo

Charg. Backg.

Neut. Backg.

Energy scale

Tagging

T 1T TTT

Accidentals

T T T

1

-
-
-
-
L]
-
-
Lo o
-
L.
—e—
—y————
-
——t
.
-
-
L
-
e
—e—
N
"o
——

——
1

Acceplance

1 |

-20

=10

Estimated systernatic band
for correction under test

o 10

20 30

R- Ramr:uru (1 0-4)
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Mixing and Oscillations - I

1 A . )
H:_”.B:an—.B B = Bk, o-:(ax,ay,az): Pauli spin matrices

Two-state system: Electron in a magnetic field B along 7

1
—aB 0
E 0
_)H:%GJZB: ’ 1 :[+O E]
0 ——aB N
2

2 state system: Choose as base states

|+) = [(1)]|—> = [(1)] Eigenstates of o, — Generic state:| 1)) = [ZJFJ — o |¢)= [j;_]
Schrodinger equation:

. 0 @b —i% —i%mz 0 ¢+ 1 ¢+ 1 ¢+
lh%=H|¢>—>|¢(f)>:€ |¢>:e |¢>—>zh5[¢_]=EaBaz[¢_]:5a3[_¢_]

Uncoupled equations:

n 2% _ gy -2, )= (¢)
o 20 |ei()=Ae s 0 |
-~ oY 1 - aB ’ |A+| + |A—| =1 0 Stationary states
. - * o +i—t
" st R
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Mixing and Oscillations - I

Introduce another B component along x :

B=Bk+B'i
H=—u- B—%aa B—— 0' B+o B')
! B 0
—H= 1 E' —E
0 ——aB —aB'
2
—>ih2 i =—a(Bo,+B'o,) :la B Y +B' v
8t ¢_ 2 w_ 2 _¢_ ¢+
Coupled equations:
., 0 1
ih ;;* :EaB@bJr—l—aB'w_ |_|_ t>
Ny 61/ | —>«[| > Non -stationary states
—,1
ih——=——aBy_ +aB' ’
ot 2 V- &

E.Menichetti - Universita' di Torino
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Mixing and Oscillations - III

Build a phenomenological framework suitable to describe flavor oscillations
Use symbol M° for neutral, flavored mesons: Most of the formalism suitable for K°, D°, B, B,

Neutral meson time evolution: Two-state system

oo

ii ¥ = Hy Schrodinger equation

ot
W)= a(0)| M)+ b(o)|11°) s(zgi

Just free evolution for both components, no decay:

j Two-component state vector

M 0
H :[ 0 M] Effective Hamiltonian, M = mass

%/_J

hermitian

Free evolution for both components, with decay:

M 0) (I O :
H = o ) I' = total decay width

h'd Vo
hermitian hermitian

E.Menichetti - Universita' di Torino
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Mixing and Oscillations - IV

Observe: I
. (M 0) (T 0) (M 0) i(T 0
H' = +— = +— #H
0 M 2\0 T 0 M) 20 T
— H non-Hermitian — ¢ non-unitary — State norm not conserved: Decreasing <> I'>0

H_MA (T C
B M) 2\D T

\ J \ J

Include mixing

R V.
hermitian hermitian

M A (M A M B (M A .
- —| = — A =B, same for I"
B M B M A M B M

M M.\ i(T T,

_)H: * - *
M, M) 2\, T
-_—

N J

v
hermitian hermitian

.

I I

M ——T M., ——TI
) 2 12 ) 12
—>l§'//(t)= ; ; (1)
Mfz_arvlkz M_E

E.Menichetti - Universita' di Torino
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Mixing and Oscillations - V

Define F=Re F+iIm F = \/(Mu —érlzj(M;; —ér;j

Eigenvalues:

M-iT-2 M,-1T, A=m—itiopm—il_F
R P A
* l* l . .
MIZ_EFIZ M—EF—E %Emz—lf:M—la‘l‘F

(ml—i%:M—Re(F)—i(g+Im(F)j

— 4

mz—i%:M+Re(F)—i(g—Im(F)j

Am=m,—m, =2Re(F)= 21«:\/(1\412 —éruj(M;; —ér;j
—>

AT =T, -T, =4Im(F) :4Im\/(M12 —érlzj(M;; —Ergj
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Eigenvectors:

Mixing and Oscillations - VI

M-‘r Mm,-ir, M;‘z_ir;2
; ; (1’]:472(1’]9”51: T laf +|pf =
1% M °

I i
M ——T; M ——

12 2 12 2
Mass eigenstates, similar to K, K :

Named "Heavy" and "Light" because for heavy quarks = same lifetime
|MH> = p‘MO>+q‘W>, m, =m,I', =T}
|ML> = p‘MO>_Q‘MO>’ m, =m,,I', =T,

Flavor eigenstates:

(M) =L (v, )+ m,))

1
3,

[#17) = () -131.)
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Mixing and Oscillations - VII

Define:

I e
@ =m,—i—L 0 =m —i—+
2

Time evolution of mass eigenstates:

— Straightforward free propagation & decay
Observe:

r,=I', »r,=1,

Generally true for heavy mesons, due to a large number of decay modes

E.Menichetti - Universita' di Torino
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Mixing and Oscillations - VIII

‘MO(t)>=_:‘MH>e—ia)+t+‘ML>e—ia)_t:|=$|:(‘MO>+”‘MO>) i (‘Mo> ”‘Mo —,m

- - i — M Mixed
1 —ioyt | it B ot it
e L e ﬁ 0
e
v,X"
v,X"

Time evolution of flavor eigenstates:

—>9

Unmixed

Define: g, (¢) = 5 A
- (t)
M°(r)>o<g+<r>\M°>+%g_<t>\M°> \—»MO Unmixed
M°(t)>oc g+(t)‘m>+£g_(t)‘M°>
) g, ()

q
! (8+(t)‘M°>+77g_(t)‘W>) /

O

=9 1 —8.(1) !
(1)) = LO|M°)+g ()| M°
\‘M (t)> W(’]g t >+g ! ‘M >) \\; Mixed
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Mixing and Oscillations - IX
Compare different ratios
Am
=
r
08 |
0.6_ Y
04\
02
\ Lovvsliil L o
3 A proper time (ps)
X = A—m =0 X = A_m =3
r r
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CP Violation and SM -1

So far: Phenomenological description — ~ Just symmetries

Now: Try to connect to SM

K Mixing : Box diagrams

W— U:(‘,f
4N s ar> > S
K© = U, c,ty ICXAN: fo K o W W™ fo
S—(—\AM—(—d S —<¢ € (—d
W+ u,CJ

Mass difference between mass eigenstates:

G2
_ F 2 % % "
AmK = y meK |quVquq'qu‘s mqmq‘, q.4 =U, C,!t
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CP Violation and SM - 11

Go to CKM , find:

u,u  sin’@, cos’ G.m’ ~0.048m’ ~.005
u,c sin’@ cos’ @.m m, ~0.048m, m, ~.022
u,t  |V,||V,|sin8, cos 6.m,m, ~0.220 410°m,m, ~.0005
c,c sin’6 cos’O.m’ ~0.048m’ ~.095
et |V,||V, \sine cos@.m_m, ~0.220410°m m, ~.0021
ne VWV ~1.610"m; ~0

— Diagrams with ¢ quark : Most relevant
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CP Violation and SM - 111

Just for the fun: Oversimplify, take only charm contribution

¢ 4 n W

&
<

A
.|

AY

< <
< «

o
7

K’ wow K° K° c 1 1
s d

»
»

\

» »
Ll » »

246
e] ~ m(4,,) 24 ? LRV O
Re(A,,,) A

€[ ~2 0.81 0.0025 0.343 ~1.410°

Not that bad...
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CP Violation and SM -1V

Fun again: 27 decays and £
Must take into account two diagrams:

‘Tree’ ‘Penguin’

Ko W _
d

d T d
2o P Top dominating:
xIm(V,V, )~ A’Xn

ts ' td

¢' o< Interference between the two above ~ A\ A°Xn ~ X’
c ' N 142)\777 N )\3
e 24\ 2

~ 510~ Not that bad too...

E.Menichetti - Universita' di Torino
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CP Violation and SM -V

Reconsidering box diagrams:

vcd V;:. . Ves V;d
(d: £ S Ld)
KO‘ 7 c t - Eﬂ E{) . fo % | KU
S d d S/
Ves Vid Vctl Vis
M o AqVeaVisViaVis M,

7. o AcVeqVesVighis = M;i

N(K;,— K") —T(K{_y — K") oc My; — Mj; = 2Im(My;)

K" = KY) = I'(K" = K"
A °

K = KY) + (K = KY)
Rememebering:
AT %4Re<5>—>4Re<€>OCZImMﬁ

— No CP from mixing unless some CKM elements are complex

E.Menichetti - Universita' di Torino
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CP Violation and SM - VI

Summary about neutral kaons:
Lifetime, width, mass:

m ~m, — Am=>~4.110"eV

7, L7,~0.09 — 52 ns
[,<TI,~11.1ns"' ~0.038 107° eV

LAl 6
2 2
XE%NO.S, yE£N0_5
r 2T
I r
w+ =my —Z.TH,(,()_ =m, —l—L
—imy t _I;Lt A —FH_FLI
—i[mﬁAm—i%”t —l‘[mL—z?L]t e Le 2 [tM 24
¢ +e
g ()= > :
- . ]‘—‘Lt ]'—‘H_]'—‘L
- r Ty iAmt
—i[mL+Am—iF7H t _l[mL—ir—zL]t my 2 e A D) 1
(=" —¢
8- 5 .

E.Menichetti - Universita' di Torino

KOKO

0
]/I'(Ksb'—:ll.(l()ns

_ -1
Am=5.3ns
R

UT'(K])=52ns

. iAmt
~ ,—imt
~
iAmt
o —imt€ €
~Y
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CP Violation and SM - VII

For K Arzrs—rLzrs,i‘z\n\;tl
p
— =t A L
_ ) iAmt = D iAmt 2" 1.
e e
< r _
ikmt "' _ iamt "0
‘F(t)>=g+(t)‘F>+%g_(t)‘K0>ze_imt {emezzﬂl{o%_?l]e e 2 1‘K0>
inmt "' —iAmt "' L,
PKO(KO,t)=Lg+(t)‘2=g+gj:zeAmez2 +1e™ 622 +1:%[1+e 2 (14 2cos Amt)
ihmt D! —idmt D" I
PKO(I?O,t)zeA 622 “le Amezz _lzi‘ﬂ‘2[1+e 2t(1—2cosAmt)j
Pfo(Ko,t)z 12[1+e_gt(1—2cosAmt)j
4l

L
P, (Ko,t) ~ i[1+e 2 (1+2003Amt)j
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CP Violation and SM - VIII

Transition probabilities 1.0 — T T T T T T
d
— — 0.9 - .
K'’—K°/K’—K": 1
1
Identical (CPT) 0.8 11 {K 0> KO .
'I K0 O
— = : KY> K
0 0 0 0.
K°—K'/K"—K": [,_?J"/ _
Identical if |n| —=1—No £F in mixing: Full line E "1
: : e = 0.6 7
Different if |n| = 1: Dashed + Point lines g ‘-1
As shown prediction for 1— |n| = 10x Exp. value O 05" N
E .. KO0 K0 = 05 KO0
= 04 ) (lol=1) .
c \
o \ KO+ KO (lo < 1)
R .
v —
N s
o2l £ T B —
K%= KO (lal<1)
0.1 -
0 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

E.Menichetti - Universita' di Torino
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CP Violation and SM - IX

Rationale:

CP observed in neutral kaon decays

Ascribed to mixing, decay, or both

Accounted for by a single complex phase in CKM

— Expect ﬂ{ to occur in other neutral, flavored meson decays

— Heavy quarks involved

Looking again at unitarity triangles:

(5) ViVia +ViVis + ViV = 0; (6) ViViu +ViVi +V3V, =0

Not all equally useful: Shape, Easyto measure

E.Menichetti - Universita' di Torino
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CP Violation and SM - X

Vud Vuz + Vcd VCZ —l_ ‘/td ‘/tZ — O

Im A

V.V

u

Vchcb p( 2-J
b—ci~ )\

The unitarity triangle: Somewhat ‘equilateral’—Large angles

E.Menichetti - Universita' di Torino
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CP Violation and SM - X1

ViiVia + Vi, Vis + VoV =80, =0 = tu trnangle

Another = equilateral one

Each side oc \°

Im

ud "’ td

V'V

us '’ ts
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CP Violation and SM - XI1I

Two ‘squashed’ triangles...

Im
2 sides oc \> Not to scale
1 side o< \* .
‘/ts‘/tb
P A
VasVir + ViV + VieVie = s =0 = bs triangle VoV Re
E[ Ted + 1’1;1’::3 + I;E Vb =0, =0 = te triangle IH{‘
Not to scale
V.V,
Difficul oF Ly
ifficult to use to test > >
Vcszb Re

P x Height with base normalized to 1

Fall 2015
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CP Violation and SM - XIII

...and two even more squashed

2 sides o< A\

I side o M\’

ViVis + ViVes + ViVis =64 =0 =  sd triangle

ViVea + Vo Ves + ViVio = 60 = 0

cu triangle

E.Menichetti - Universita' di Torino

Im 4

Not to scale

V.V,

cd’ cs

Ed
‘/td ‘/ts

X

Im

VudVL:; Re

Not to scale
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CP Violation and SM - XIV

Neutral, flavored mesons: Lightest states

K°:ds

—, =

K" :ds <1> Am | x=Am/T | y=Ar/2r
0, —

D" :cu KO | 2.6 108s 5.29 ns! | Am/I'¢=0.49 ~1

_ _

D" :cu DO | 0.41 10-2s | 0.001 fst ~0 0.01
. -

B :bd B0 | 1.53 1025 | 0.507 ps; 0.78 ~0

B’ :bd BO | 1.47 1025 | 17.8 pst 12.1 ~0.05
. -

B, :bs

—

B :bs
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CP Violation and SM - XV

Lineshapes of mass eigenstates of neutral, flavored meson systems

0,0
Am=0ps B
—

D

1/T'=0.4ps
\ AI/T=0.0

AN

* o Ies ]
B0 —— Am=15ps !
1/I'=1.6ps BOBO : -
AXYI=0 sg 1/T'=1.5ps
| AI'/T=0.3
. N .E[.ps'l] s 0 5 10 15 gy
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CP Violation and SM - XVI

K0 (ns)
1_ ...... 1:_ ......... ............ ........... ...........

0.8- ey LT LR e e T RER LT ERE T 08-

] B P R LT T LT LT LT LETTT S P PP P R PP PRI PPN 06
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CP Violation and SM - XVII

Extend box diagrams to other neutral systems: D’ — D°

c -.—a;——a_ u
D’ d.s.b ~ |aso _ D’
= < SR AN c
) € T dsb v,
D wr T LW D
o < y_dsb 1§ c

b loop: Strong CKM suppression

My, v, [ <1

Indeed, go to Wolfenstein parametrization:

vV, [~ ~107

s,d loops: Strong GIM suppression

M oc(ms2 —mj) small!

— Expect very small mixing
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CP Violation and SM - XVIII

Long distance effects ( < Meson exchange, rather than quarks) important

) )
i
- > -
< ~
{ i
u i
-~ #
N __‘_ -
)

Lifetime, width, mass: Very different from K 0 difficult to compute

m = m 0,0
7-1:7-2:(4.15j:0.04)10_13 S DD Am- “l"*-1
I, ~I =(1.594£0.01)10"" GeV /\ vr=o.aps
{ \ AI'/T'=0.0
I'+r
Fr=—1—2~T7 ~T, [\
X = Am = ", — j //’ "\\'\
N F F . —4 -3 4 \
. Estimate x, y ~10"* —10 - i
)’EAFZFZ_E s o B 2 [ps 1]
2T 2T
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CP Violation and SM - XIX

~ Same (small) lifetime : D,,, D, cannot be physically separated (Compare to K /K, ..)

~ Same mass: Oscillation frequency small

— Only chance to observe mixing by time integrated measurement
Tag D flavor at both production and decay

Production: Take strong decays

D"—=D’x",D" =D 1

Decay: Take two modes

D" — K*y"v, forbidden, only accessed by mixing D’ — D"
D’ — K 'y, allowed

NK W) x+y?

_>R:N(K/~L+Vu)_ 7

Measurement difficult, large samples required

Mixing & CP observed since 2007 by BaBar, Belle, LHCb

E.Menichetti - Universita' di Torino
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CP Violation and SM - XX

Most promising sector for validation of CKM : B*= B°

'Large' P expected
Similar to K° — K°, but: BB’

Amu-o.-l'!pa"
——

1/T'=1.6ps
AM , = 0.4894-0.008 ps~' AT/T=0
— AM , ~0.489 10”5~
h~ 658210 '%eV s — AM, ~3.2210 eV ~ 1002
Ty T =1.561£0.06 ps
— AMB Nl
FB L 1 1 L L
-1 0 1 g [ps-1]

Compare to K:

AM, =529 ns"' ~52910"s " 6.58210 eV s~3.410 °eV
_ AM,
r

Ky

7, ~600 7, ~ 600 - 89 ps

~1

B, , B, states cannot be physically separated

E.Menichetti - Universita' di Torino

Fall 2015




B Mixing: CP - I

Box diagrams, ¢ dominated for B°

)\2
o F 1-= A AN (p—i
. : 5 y > (p—in)
_ 2
B, W w By B Y 1—% AN
q b q
W t % (av (1-p—in)) —ax’ @

Mixing parameter:
n= (VIZV“Z) ~ Vi _ ,2ipy
(Vi) Va
From UT:
Pra = B
—2ip

—n=e

—[n|=1
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B Mixing: CP - II

>) <‘B° —\/T
7)) |[7)- %,W )

, €, analog to £ used for kaons

Mass eigenstates:

BH>:W(‘BO>
| BL>= W(‘BO>

l-¢,
1+&,

— =

Time evolution of mass eigenstates:

( At
—><‘BH(I)>_|BH>6 Ly I',=I'=I, Am< M
B, () =|B)e "
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B Mixing: CP - III

Time evolution of flavor eigenstates:

B (1)) =| B) £, (1) 4 0| B°) £ (1)

B0) = B) £ (04[5 1. (0
—i{m s _Lu —ifmBm L) B PYRIC U] P VYA
[M+A2 2] [ 2 2] [ 2 2] [ 2 2]
£.0)=* = SEORS =
Ir —i%t +i%z _ my, —|—mL

, Am>0, T, ~T, =T
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B Mixing: CP - IV

. Expect:

D(B*(1=0)— B") = cos? [A—th]
D(B*(1=0)— B") =y ¢ " sin’ [%t]
[(B°(t=0)—B’)=¢"" cos’ (A—thJ

F(EO<Z‘:O)—>EO)Z‘E

Similar for B, :

Important difference Am > T

— Many oscillations in a lifetime

E.Menichetti - Universita' di Torino
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B Mixing: CP -V

Unlike K°/K°:

|77| ~]— ~ No QF{ effect observable by looking at flavor oscillations

0.8 T T T T
T=1,6ps B
Iu—f)’ 0.6 Am=0.46 ps™ g
R
o 04 s, a
o “ug
e Ve
o 02 Seel -
0 } 1 e =
0 1 2 3 4 5
t (ps—')
0.8 T T I I
T=15ps B
Ig’ 0.6 Am=12ps~! $
. s
@ 0.4 T .
8 N
a 02 ', -
0 =~ - -
0 1 2 3 4 5
t (ps=1)

Fall 2015
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B Mixing: CP - VI

Golden final state: J /K, (or K, : Experimentally less attractive)
B°,B’ — J/¥K| 5 .

Jhy
Angular momentum balance: B W\<§

0=1900L— L=1 Pure P-wave

By restricting to decays to CP eigenstates: OK!
Main disadvantage: Statistics (Tiny BR)

CP(J1y)=(-1)(-1)=+1
CP(K?):—}—I, neglect P in K°
})orb:(_1>L:_1

— CP(J I9YK{)=—1

— CP(J/yK})=+1

E.Menichetti - Universita' di Torino
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B Mixing: CP - VII

Another golden: n

0 po
BB — mm

Angular momentum balance: B
L=0 Pure S -wave B B

b < 1

d d

\ 4
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B Mixing: CP - VIIL

Taking decays into (golden) CP eigenstates:

A(B® — J/$K{)=(J I1VK{|H | B (1))

£ () (J 19K H o | B )+ f (t)(J 19K H | B°)
(J14K{|H,,|B)
(J14K{|H,,|B°)

—>A(BO—>J/¢K§)

—>A(BO—>J/¢K2)

(J14K{|H,,|B)

fi(t)+n0f (1)

Considering B, B” decay: Must occur in two steps
B —=JIYK®—JIYK] B —J/¢yK'—J/y K]

because at the quark level:

b—¢ccs b—ccs
A(B" = T 1K) V3V, A(B = JIYK°) oV, V.
0 Do —
— <J/¢KS ‘Heﬂ ‘B >: +1 CKM elements involved real (VK H[B") o
(J14K{|H,,|B°) (0K |H[B")
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B Mixing: CP - IX

L(B'(1=0)— J/yK)oc|f, (1) +nf (1)

—T(B°(t=0)—J/¢K)oce ™

e I‘(BO (t=0)— J/wKS) xe " (1—sin Amzsin 23)

—T(B°(t=0)—J /¢K;)oce ™ (1+sin Amt sin23)

Time dependent asymmetry:

(B (t=0)—J/¢K,)-T(B"(t=0)— J/¢Kj)

[Am J . 2iB - [Am J
cos|—1|—1e sin|——-1
2 2

JIvKs —

D(B°(t=0)—J/¢Ks)+T (B’ (t=0)— J /)K,)

A

ok, = —Sin Amzsin23

E.Menichetti - Universita' di Torino
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B Factories - 1

Total e"e™ annihilation cross section:

25 l:l !, £ £ I:J' i,

37

-]

£

w

=

g

5 L

=1 -

£

: v

»

2,

b 'lll'"
A <

1 | | | £ ¢l 1 1 g el | | |
1] Y 7 T 7 3T
9.45 9.47 10,01 10.03 10.33 1035 10.37 10.52 10.55 10,60 10.62

center-of-mass energy, GeV

Main decay mode for Y (4S5):
T(4S) — BB, including B’B’

E.Menichetti - Universita' di Torino
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B Factories - 11

Basic idea to measure time dependent asymmetry:

e\r(45) / ¢

EPR-correlated

e . .

decay

eigenstate
Measure time difference between 'tag' meson and 'CP' meson decays:
Use space distance between vertexes
Measurement difficult in CM, due to short lifetime (d ~ 30 pm)
— Boost mesons in lab by making collider asymmetric

— 7T (4S ) moving in the lab system

E.Menichetti - Universita' di Torino

Fall 2015




B Factories - 111

Full reconstruction B%/B° decay into J/¥ K°,

Example:

.................. *
G I AN . i ‘< 7
B /B s .
_ e, u, K* tag
BY/BY tagging
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B Factories - IV

PRI
ow I'IEI'E}V

F“n? Eie‘u’]

Morth Damping
Hm%
pQ GaV] | | |
Fosilran Fefurm Line Fosgitron Source
1 |
&-Cur
Linac ) s
EDJI.'? MoV FEF Il High Energy Bypass (HEE)
injector
South Damping 59“;‘_’2#31:';'5‘3 L PEP Il
[Fjllqgﬁ Gal] PEF Il anEI rgy Bypass (LEB) H' h E"EE
' Ry BV Hlng (HE
Sactor-4 PEF I [9 GeV]
et injeclor
- 3 km -
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B Factories -V

BABAR
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B Factories - VI

E.Menichetti - Universita' di Torino

BABAR DETECTOR FORTHE PEP-lIl B FACTORY
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B Factories - VII

E.Menichetti - Universita' di Torino
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B Factories - VIII

- 580 mm ace Frame
-~ SpaceFrame
Bwd. L = ‘
support %
cone - '. "l
520 ;mad : Fwd. support350 r,"rad
| == cone '|
| oe- - el Front end e’ !
S electronics
, v bl
Beam Pipe
Vertex detector

E.Menichetti - Universita' di Torino

Fall 2015




o

TN,

Bs0ealtooengg

Sages @
i PO e
Sags "t e,
®e0s,,5% 0000, s

safettees
sfescnn

o *
v8e%,

B
ey

s
®
.
.

a

e
®*scae
.:ae»n

#eosanetesagg e

s

FEEE LT RE R ® 000 @8eS

eenreo358, L ouusaass%% o q0008
o -

: o 80t & s %

8

469
1618
!

236

1749

IX

Drift chamber

1€S

1015

13

o a—

IP

—= 324

B Factor
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B Factories - X

DIRC : Particle Id

Purified Water

17.25 mm Thickness
(35.00 mm Width)

Bar Box
Track [
Trajectory

~11,000

Light
Catcher

PMT + Base

PMT's

E.Menichetti - Universita' di Torino

Fall 2015



B Factories - X1

DIRC

Support tube

Quartz Barbox

Compensating coil
Assembly flange

Standoff box
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B Factories - XII

EM Calorimeter

'y
o
'S
o
w
a
wr
o

20/

15 |

lm

E.Menichetti - Universita' di Torino
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B Factories - XIII

Instrumented Flux Return: Muon detector & (coarse) hadron calorimeter

RESISTIVE PLATE CHAMBERS IN GAPS

(19) PLANES IN BARREL
(18) PLANES IN END DOORS

END DOOR FLUX RETURN

PLATE SEGMENTATION
(9) 20 MM THK PLATES
(4) 30 MM THK PLATES
(4) 50 MM THK PLATES
(1) 100 MM THK PLATE

..................
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B Factories - XIV

Tagging: finding the flavor of the 2"! B-meson

Leptons : cleanest tag (correct=97%, efficiency==8.6%)

<Y <9
o—"—: O~

Kaons : 2" cleanest tag (correct 85%-95%, efficiency=28%)

o WA,@@ | = —f©

w = mistag probability = 1 - correct “dilution™: D = 1-2w
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B Factories - XV

Tag B
d, ~ 170 um

—_———
—_——
—_r —

Y(ds)

—_———

Py = 0.56 (0.43)

/

Belle

E.Menichetti - Universita' di Torino

AL = Az/vpc

fPCcTy = 250 um
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B Factories - XVI

l:autostato CP

Y(4s)—
- B° 5 K X

ll:etichettatura
del sapore
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B Factories - XVII

BABAR
2 f ot By ) @] & lSF o By ()
2 400" B’ "  Zp B b i@ =
% 200 - ?, 503— —
@ 1a F =
| 4 &2 1 =
E (b) 7 z 3
505;f~ et - 5055 E
< O ] < O ——F =T =
3-05F :F— Eost c
©F {1 &7
1B . . - 1E . . E
5 0 5 A 5 2 At (ps)
Sample —nsSy Cy
Full CP sample — 5 0.687 £ 0.028 0.024 + 0.020
JWKI(rtn™) —» 0.662 £ 0.039 0.017 £ 0.028
Jip K2 (7%7°) o 0.625 £ 0.091 0.091 £ 0.063
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