Elementary Particles 11

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 - 1

Reminder:

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

— ‘Q

G¥ = (1.16632+0.00002) x 10~ 5Gev -2 (1.136 £0.003) x 10 $GeV 2

Tiny difference:

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

d Vu § Vu
- Dw\z\< K~ D\fv\/\<
7] e u M

Fall 2012 E.Menichetti - Universita' di Torino



Quark Mixing - II
Cabibbo explaination:

Weak eigenstates Strong (mass) eigenstates
d\ [ cosB. sin6, d
s’/ \ —sin@,. cos@. s

Weak charged currents: Linear combinations of different flavors
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 - 111

Another mistery

BR(K® — 'y ) ~10°BR(K" — p'v,)

GIM explaination:

cos 91;:;< d sin
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M o< gfv cos B,.sin 6,

M, ox —gfv cos 6, sin 6,

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,l|ld u' u
s’ :V(;) 1= Vea Voo Val|s]s |€ :V(Z) ¢
b’ b) V. V. v, )lb) L !

— Conventionally: Mixing of d-like quarks only

SwW. * BW . V* 8w

V/') ml 2 VHJ V2 S ub q
U —>— — —)—0[ U —>— U —>—
W+
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Quark Mixing - V

Encode mixing CKM matrix element into charged current

gty = U —Igl — |
Jd'u = ! f},# (I ,},5 d

v2 )
d’ —)—q: _
W_ jdu =u [_igi %(] - /}'5)- Vudd

V2! 2

jt.df=3’{ f}y“ (I—r*)}

W
V2 _
y _)_‘q: d - dﬂ'}ru = (vlldd }}J uddT}p vl:;f
W-i—

=2 [ ﬁwal—ﬂ}u
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Quark Mixing - VI

Charged current : gq,4qq,qq

u d o = - d
dﬂ—g": Hﬂ—q: >W5‘i W"‘i\<
W~ W~ d u

. 8w

IS —l%VudYu%(] _'}’S)

d _ u d - i
u—)—fL: d—(—‘q >v3/\/t, v‘i/v< ’

W+ W-l- u d

. gw

IS u }ﬁu (]_Y)

\/— d
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Quark Mixing - VII

CKM elements involving t quark poorly known

\Via| [Vis!| Vs 0.974 0.226 0.004
Vea| [Ves| V| | & | 0.23 0.96 0.04
Via| |Vis| [Vis] ? ? ?

Fill missing elements by unitarity:  |[Vip|* + [Vap |2+ [Vip|> = 1 ete.

A ¢ ‘ 0.00015
0.97427 +0.00015 0.22534 + 0.00065  0.003517)-9001°

0.22520 + 0.00065 0.97344 +0.00016  0.041210-00%%

+0.00029 111+0.0011 1¢+0.000021
0.00867 Z) 50031 0.0404 7 5005 0.999146 5 500046
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CKM -1

Generic mixing matrix:

Mixing weak eigenstates into mass eigenstates (or the opposite)
3x 3 Unitary matrix:

9 complex parameters — 18 real parameters

UU' =
O unitarity conditions: — a.a o Lk=1,..3
y (UT) — U ]2; ij Jk

— 18 -9 =09 free, real parameters
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CKM - 11

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

u u' d d'
c =Vl 4" |; s =V '
t u,' b d,'
‘/ud us ‘/ub

Verm :V(M)V(Z) =V=\V, Vo, V,
‘/td ts ‘/tb

u e’ 0 0 \u d e” 0 0 )(d
cl—=1 0 €% 0 |cl|, |s|—=] 0 €% 0| s
t 0 0 €%\t b 0O 0 7 \b
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CKM - 111

Translate into redefinition of weak eigenstates:

u' e 0 0\ u d' e’ 0 0)\(d

'V 0o €% 0llcl| |s %V; 0 €% 0
t' 0 0 €% |\ ¢ b' 0 0 €%

Redefinition of weak eigenstates equivalent to CKM redefinition:

_i(pu l¢ l(¢ 7¢u) i(¢s7¢u) l(¢ 7¢u)

e 0 0 e 0 0 Ve’ V e V., e
_i(pc l¢3 — l(¢ 7¢c) l(¢37¢(,) l(¢ 7¢c)

Verw =1 0 e 0 Vel 0 e 0 [=|V, e™ V.e vV, e
O O e_lgpt O O elgpb ‘/td el(¢d -9,) ‘/tsel(gps’%) ‘/tbel(wb -9,)
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CKM -1V

Factorize one (any) phase:

D4 19, i,
Ve V.e V.e

u
— _i¢u i(¢u+¢d _¢c) l(¢u +@s _¢c) i(¢u+¢b_¢0)
—> Ve =€ V. e V_e Ve

l(¢u +¢d _¢ ) i(¢u+(os _¢ ) i(¢u+¢h _¢ )
Vae v Ve T Ve t

Global field phase not relevant: Can't be used to fix one free V parameter
— 5 free relative phases — Set to 0

— 9-5=4 real 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]

I 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 :

Parameters:
0,,,0,;,0,, Rotation angles

0 Irreducible phase

s; = sin Hl.j
c; = COS Hl.j
%
C12C3 812C13 §13€
. +ib +ib
V =| —8,,Cp3 — €p5€ C1Ch3 — 8178,355€ 823€C3
+i6 +i6
812873 7 €1,C383€ €83 7 81,C3515€ C13Cy3
Experiment:

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

Wolfenstein parametrization of V,,,:

Based on experimental evidence of some hierarchy among angles
Define:

A =sind,,

AN* =sind,,

AN (p—in)=sinb,e

Then
2 4

cosf, =v1-)\* ~1 )\——%

)\2

1—— A AN’ (p—in)

2 N A =0.2259+0.0021 ~ sin 0,

/A —\ 1-— AN? A=0.8240.02
° 0— CP
AN (1=p—in) —AN 1 Y=o
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Filling CKM -1

Ivudl from nuclear beta decay ( . :)
u
Vv B Super-allowed 0*—0* beta decays are
d ud Ve relatively free from theoretical uncertainties

g

[Mox lvudlu
e
V| = 0.97377 +0.00027 (~ cos 6,)
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Vsl

‘ Filling CKM - 11

from semi-leptonic kaon decays

K-

u

7] : A u n’ [ |Vus|2

S

‘/MS

Ve

V| = 0.2257 £0.002

(== sin6,)
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Filling CKM - 111

Ivcdl from neutrino scattering | v, + N — p+u_X ( t 2 )

Look for opposite charge di-muon events in Vy scattering from production and

decay ofa DV (cd) meson
y (cd) Rate o< |V 4|?Br(D" — Xpu*v,)

~—

opposite sign
Uy pair

Measured in various
collider experiments

—‘—\d = ||Vea| =0.230+0.011
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Filling CKM - IV

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

[Viy| = 0.957£0.017 £0.093

-

experimental error theory uncertainty

K etv, ( 8.83+0.22) %
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Filling CKM - V

|Vcb| from semi-leptonic B hadron decays

e.g. )

B r oy |v(‘b|-'
Vep| = 0.0416 4+ 0.0006

DO ¢y, (223 £0.11 )%

L=10"cm s — L ~10%cm *d™"

05 ~ 1 nb= 10¥em*> - R~10°BB d!

R ~10° D v d' — Vstar 3%
dec e ‘/Cb T(days)

Fall 2012 E.Menichetti - Universita' di Torino
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‘ Filling CKM - VI

~e
IVubl from semi-leptonic B hadron decays
€.g. Uy _n
u v,
_ u [ |Vip|*
B b Vib ) ‘ ubl
V| = 0.0043 4 0.0003
€
x0 ¢t w‘ | ’ (7.7 £12 )x107°

L=10"%cm 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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CKM Triangles - 1

Ve unitary: 9 unitarity conditions

Take 6 'off-diagonal’ conditions:

(3) Vusvuz + Vcsvcz + ‘/ts‘/tz — 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

Fall 2012 E.Menichetti - Universita' di Torino



CKM Triangles - 11

Sides & Angles from experiment

Area: Same for all 6
1 1

Ariangle — 5 JCP — 5 Im (‘/l]Vkl‘/ll*ij )3 [ = k7 ] = la
Jep = S12513S23C12C123C235513 ~ AN Im 4
— J = Nice measure of CcP
Example: Most common unitary triangle
V Yl =0, R
Vud VL;;? —|_ Vcd VCZ —|_ ‘/td ‘/tz — 0 .

M Re

2

AN 1%](p+i77) — AN |1+ AN (p+in)| + AN =0

1(,0+i17)[1>\—22]
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CKM Triangles - I11

, .
e
WV, =—AL

C

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

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

: A : :

‘/cdvcz =1
ViV =1=(p+in)

Fall 2012
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CKM Triangles - IV

Recent fit from CKMFitter group:

Observable Central £ 1o +20 +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]

Fall 2012 E.Menichetti - Universita' di Torino
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‘ K Oscillations - 1

P K°> = —‘K°> Pseudoscalar

P|K °> = —‘ K °> Pseudoscalar

C K°>

C I?°> = ‘K°> Not a C eigenstate

‘ K °> Not a C eigenstate

— Make C eigenstates:

\Kf>=%<\z<°>—\fo>>ec\Kf>=c[%<\K°>—\f0>>}

S (&) +[E%)) > c|K2)=|K3)

(1&°)-| &%) =-| )

a~
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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 them as good for the moment

— Focus on CP as a symmetry for weak processes

CP eigenstates:

CP| )= CP| (| K°)-[K°)) =] 5 (-|)+| &%) |=+[7) cp=an

CP\K°> —\K(’} CP=-1

Observe : KIO ,Kg CP eigenstates, like photon, 7’

— Different particles

Fall 2012 E.Menichetti - Universita' di Torino
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‘ K Oscillations - 111

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

Consider first decays into 2 7's:

KO _s 110 g0 KO > -
0 P 0- 0" +0" Still have L =0 ) )
° _ = Ptz )=-1-1(-1) =(-1) =+1
. /I_:O £l MO ConSEraton C and P operations have identical effect :
. ® = L= A
s B T C 1o
= P(IIOIIO)=—1.—1.(—1) =(—l) =+1 /. —_ /' (no spins
. - = . involved)
n0 is eigenstate of C : C‘ﬂ'0> = +’ 7[0> T e i Mo

C(x’m®)=+1.+1=+1
=7 (@z)=+l.+1=+ = Cx'r)=Pr*r)=(-1) =+l

— CP=+1 forboth mtm— and n®nO

Fall 2012 E.Menichetti - Universita' di Torino 27



‘ K Oscillations - 1V

Consider then decays into 3 7's:

K® = nndm? KO - o
10 p. _ _ _ _ m
° JF: 00 =0 +0"+0 ;e
L Ang. mom. conservation / L FEaROE: Li=1,
T[O LZ g ) T \ <
@ ® 0 — L®L =0 - ® 0
= L=k = Ptz n%)=-1.-1.-1(-1)"(-1)2 =-1
= P(’z°z°)=-1.-1.-1(-1)"(-1)" =-1 Crnn’)=+1.C(x* ) = +1(=1)" = +1

0,..0_0y __ .
Cr'zr’)=+1.+1.+1=+1 Experimentally: L, =0 from study |
of angular distributions of &+, -

— CP=-1 forboth ttn—n®and n? % 0
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‘ K Oscillations - V

If CP is conserved in weak processes:
K —>r

Exclusively
K) — mnx

Summary so far about neutral K states:

Production (by strong interaction) : ‘K 0>,

i)

Decay (by weak interaction): ‘ Klo >,

KY)
I’I’l‘K0> =I’I’l‘l?0> = nft‘Klo> = n’l‘Kg> =498 MeV
Expect, and find:

K — 7w Fast: Larger phase space etc —17,=0910""s 'K short'

K) — 7z Slow: Smaller phase space etc — 7, =0.510"s 'K long'

Fall 2012 E.Menichetti - Universita' di Torino
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‘ K Oscillations - VI

Provisionally identify:

K, =K (> 7x) 7,=0910""s 'K short' CP=+I
K, =K)(—>zzzr) 17,=0510"s 'Klong' CP=-1

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

> "Different lifetime

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

— Different corrections to the mass

- ...._.____.

Fall 2012 E.Menichetti - Universita' di Torino
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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 K° beam
3n decays near the end

Ks = nm

KLonnn

Fall 2012 E.Menichetti - Universita' di Torino
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K Oscillations - VII

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,C conserved by weak interaction; CP ( provisionally)conserved

— Propagate CP eigenstates K, K,

Take a definite production process:

. ¢ x
- 07-0

T p—>AK UD CS

p u — e u

d—> > d

Fall 2012 E.Menichetti - Universita' di Torino
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‘ K Oscillations - VIII

y(e=0)|K7) = (7)o )

k)=l 2 p =L
k=l ——

ﬂl/(t)=% K} )e & F)t+\1<g>e . Fz]j
ﬂl/(t)=% :T(\K‘)} \K‘)})} {r FZL)[+%(‘K°> \K0>)$e’(’"“r
%W(1)=%[‘KO>{6 (rert) ot "rzsjt}‘lzo{e G UD

Fall 2012 E.Menichetti - Universita' di Torino
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K Oscillations - IX

Time evolution of strangeness content of the beam:

N

NG

— Strangeness oscillations

- -
e U+e

2 _
—i(mL—i%Jt —i(ms —irzSJt T r
—e = e “"+e

_(FL+FS)t
'+ 2e 2

_(FL+FS)t
st _ Qe 2

Detected in many ways, for example by semileptonic modes:

K’ > re'y,

K >sr'ev,

|

cos Amt

|

cos Amt

Fall 2012 E.Menichetti - Universita' di Torino
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K Oscillations - IX

08

o
o

Intensity

Interference!

o
=~

02

70 80 9 100

08 \

Intensity
o
[=2]

o
~

Expanded timescale:

0.2
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K Oscillations - X

...And it’s true!

T T _ |
008 '
r— CHARGE ASYMMETRY N THE DECAYS Ko o'y
008 -
[ -
004 -
_ o2k
z |__ |
5 S e :
i‘ 0 —— F \\ 0 .
. " K® DECAY TME t' (0 "sec) '
-002
Asymmetry # 0 at large #:
004 - CP violation
-006 -
r Time ———
-008
S—— J

Fall 2012 E.Menichetti - Universita' di Torino
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‘ K Oscillations - X1

R =T(K ,— netV,)
R- =T(KL, > *eV,) N
— —0 _ = "!é &.03
R-=T(K,_g—ate V) P E £ gg2
- -0.04
R.=T(K_y— netv,) : 3 =8
_(R++§_)—(R_+§+) &z;—
AT Ry +R_)+(R_+R>) o1 £
2¢~ TUs+TL1/2 o5 Amt 3=
Aam = e Tst e Tt <1 | e Cl
S 10 15 20
Neutral kaon decay time [1s]
Am = 3.485 x 10~ GeV 11
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‘ K Oscillations - X1I

Observe:

T (K" K") _ 2
Am

0 =0 27 27 —22
—T(K' < K’)= T ———6.5810 > MeVs ~1.18 ns
34910 “MeV  3.49 10 “MeV 4
—>l%13.3
Tg

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

Fall 2012 E.Menichetti - Universita' di Torino
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K Oscillations - X111

Summary of decay rates ( CP conserved)

Pure K’att=0

® @
= =
c c
- ]
by o
(1]
£ £
2 3
L] 5,
2 2
© o
= - . S e
g § v n’
o =
1 L
15 20 25
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K¢ Regeneration - 1

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

K 7 4+p—=K +A°
K’: 7"+ 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!

Fall 2012 E.Menichetti - Universita' di Torino
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K¢ Regeneration - 11

Total cross section different for K°, K° :

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

— O-KO = 0-120

Remembering the "OpticalTheorem":

o, = %Im f(0), f(0) forward scattering amplitude

tot

- fK" <0> o K° <0>

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

£.) =7 (| K)+|R) (4l R)=IK.)

1K)~ alK,)+BIK,). o +]of =1

K*)+B(f)

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

Fall 2012 E.Menichetti - Universita' di Torino
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K¢ Regeneration - 111

T T T T TS T I I LR T T T T T TN T

Piccioni et al. — Berkeley = 1956

+ Schema dell'esperimento:
KO 670 Mevi/c

Camera a bolle a propano:

n- -
1.1 Gevlc 68m
Bersaglio H

¢LElill = Py, J-

L "
15 cm
P2 " I J’

Dalle tracce & possibile misurare gli e [h: '[L Ty - &

impulsi dei due 1, dalla cui somma L {aJ 15 s £ -

vettoriale si ricava la direzione del K ! J ! 144
rigenerato, e quindi I'angolo 6 - 4 cm 19

et v s
823 SF M W 9N S s v On KX
Ly £
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K¢ Regeneration - 1V

KTEYV - Fermilab = 2000

Spectrometer H Hodoscopes
Magnet e M
Photon Veto Detectors Hadron ¥ o
M B
20 em] : St ¥
.:lmlﬁion T ||
- ' ¥
m
2K, beams I} | _
egeneratol ¥ ’ | :
* A
. Sweeping : . /¥
Magnet . . /" Back !
1 Vacoum Window ~ Drif 7 Am
Collimator Chambers Tngger  Muon
Hodoscopes Filter
l l | | | | | | 1 1 1
100 120 140 160 %

Distance from Target (m)

10 5 |
104 L
102
i ’ PO S S S S S S S S | PR T T T S ST T SR T S SN S S W1
125 130 135 140 145 150 155
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]

Fall 2012
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CP Violation - 1

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

Small BR ~ 10°°

WATER
CERENKOV
COUNTER

SCINTILLATOR

REGION OF
OBSERVED DECAYS

PLAN VIEW

—
I1ft

[;COL.L!MATOR; -
222%

57 f1 TO+—

INTERNAL
TARGET
WATER
CERENKOV
. COUNTER
-+

Fondo principale: n*m e

Segnale cercato: m* 1:/ S

484 <m™ < 494 +10
PV | [ .
o i 7 O Fy il
30
K,—>ntn
20
Effect is tiny:
about 2/1000 S
494 < m*< 504 )
Sl .
504<m*<514 {10
0.9996 0.9997 0.9998 0.9999 1.0000
cos @

NUMBER OF EVENTS
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‘ CP Violation - 11

Two possible explainations:

DK, ,K, not CP eigenstates - Decay CP conserving

— |K) = (| KS) <] K2)).| K2) =
1+|€|

K, — 7 accounted for by

1
)= K)ol
l l
T v

2)Decay CP violating - K, ,K; CP eigenstates
K2y =|K2)

(&) —e|&2))
1+|€|2

Mixing CP: Measured by small parameter ¢

Direct CP: Measured by very small parameter ¢'

Fall 2012 E.Menichetti - Universita' di Torino
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CP Violation - 111

Define:
-0 T
n.|= &L 2T ) (3 27640.017)x10°
'Ky »7n7n7)
-0 0_0
00| = F(At _”TO’TO) =(2.262£0.017)x107°
[(Ky -7 'm)
Expect:

Case 1) —n,._ =1,
Case 2) — 1, =1,

Generally:
N, =€+¢'
n,_=ec—2¢'

— €' e, must be very small

Fall 2012 E.Menichetti - Universita' di Torino
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‘ CP Violation - IV

Focus on mixing cP, ignore direct CP for the moment

ad

€:|€

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

Measure mrr decay rate as a function of distance

I+

N e e e +2fele 2 cos(Amt—g)

I(Ko;t):3<l—2Re(5>)

' +Ig

() =2 e os(ami

€] = (2.285£0.019)x10°°
— Get |5|,g0,Am 6= (43.5%0.6)

Fall 2012 E.Menichetti - Universita' di Torino
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CP Violation - V

0
s

COUNTS/ 05 x 10

10°-
104

107

(=]
T
|
|-
o
-
e

cos(amt-4,.)

<«—— T decay rate

()

curve: no interference term

1 1 L 1

Similar to regeneration data, but

B

5 0 15 20 b
T (0 %)

: No regenerator!

Interference between K, and K in 27 decay

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

Fall 2012
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‘ CP Violation - VI

Neutral beam at large distance from production target: Pure K,

1
)= ) el
—>‘K§>: L - [(1+8)‘K0>+<1—6>‘E0>}

2(1-|—|8| )
Take semileptonic decays, e.g. K ,;: .

— s nt

K’ — T ey, 7 d ’
_ . v,
K’ —ntem, a; ;): E
Observe: .
CP|K°)=|K°)

CP‘W*e+I/e> = ‘7T+efﬁe>

— No CP eigenstates

Fall 2012 E.Menichetti - Universita' di Torino
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CP Violation - VII

[(K, — nte V,) < (K |KL)|? o< [1 — €2 = 1 —2%R{e)}
(K, — m et v,) o |[(KO KL )| o< |1 + €)% =~ 1 +2%R{€)

1 +el"=(12e)(l £e")x1+2Re(e).

(1 =2Rele)) — (1 —2Rele))
0 =

(1 =2Rele)) =11 —=2Rele))

0 = 2Re(e) = 2|e|cos o
'Ky =7 e wv)=1llk) =7 7,) _ ,
0= —— — = (0,327 £ 0.012) %
k), =7 e'p)+ 1Kk, —77e 7,)

Good agreement between prediction and measurement of o

Fall 2012 E.Menichetti - Universita' di Torino
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CP Violation - VIII

CPLEAR - CERN ’90s

2 layers of streamer tubes

Magnet coil B=0.44T

eletromagnelic
calorimeter

Eleciromagnelic calorimeler
= Drift enambers 0 1m

s, il L ‘

Xt
|| tubes L
— = ~ —
Carenkov and scinfiiakor couniers 6 drift chambers
+ o(Mgo) ~ 13 MeV/i?
3 proportional x o. =~ (5—10) ps
chambers Y ’

cherenkov scintillator
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CP Violation - IX

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

Use reactions:

pp— K n7K°
pp—K'1mK°

and semileptonic decays
K’ — 7T_€+l/e

K’ — 7T+€_l7€

produced .
Strangeness of K state: Tagged unambiguously
decaying

Fall 2012 E.Menichetti - Universita' di Torino
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CP Violation - X

Strangeness oscillations in presence of CoF:

g+, _ —FS+FLz
F(K,O:O %Ko)cxl e e 12e 2 cosAmt , F(K,OZO %Ko)cxl(l—4Re€) e +e'+2e 2 cosAmt
4 4

sl RyE v

F(I?tozoel?o)cxl e’ +e ' +2e 2 cosAmt |, F(I?to:OAKO)xl(1+4Reg) e’ +e ' +2e 2 cosAmt
4 4

Ry vy

| _ t -I,t
—> R, =F(K,0:o %ﬂ_ewe):NZ[e Bpe +2e 2 cosAmt}

g+l
R =T(K),>7z'eV,) N(l—4Re€)—>_rS’+e_rL’+26 > cos Amt

Lo+,

R =T(K), > rev,) XN (1+4Ree)—| 0 +e " +2¢ 2  cosAmt

T+,

= _ 1
R = F(K,O:o >V, ) = Nz{e_rst +e T +2e 2 cos Amt}

Astonishing T-violation:

L(K?, — k) # (K2 > K

Fall 2012 E.Menichetti - Universita' di Torino



CP Violation - XI

CPLEAR on 27z decays

Expected decay rates
for K°, K° initial state

Prediction with CP violation

Observed decay rates

for K°, K° initial state

1 b e
. o CPLEAR data
| Ks — nw I PN
10 ! E —g L:r_’ .\- ﬂ+n_
i 1 'Ew" )
0 2 > e,
£ I ™, —0
¥ L = tagged initial K
g0 r b R
E ] 104 ﬂ' /
o r = “".:"-
KL—nm| .,
" Ve tagged initial KV '+ H”*”}r 14
.1 e I
0 o""zfs:"‘é“‘%fé"‘qb"'{i's"mQ‘:-'.é"'z‘o"'ﬁ.é“‘zs 2 4 6 B8 10 12 14 16 18 20
1/10"s Neutral -kaon decay time [tg)

* interference term
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CP Violation - XII

Time dependent asymmetry:
D(K®)-T(K’)

A =——
()
(Cs—Tp)
2
—>A(7r7r)%2Re(€)— 2|5|e =
1—|—|8|2€ 2

le| = (2.264£0.035)10°°
— 1 =(43.1940.073)’
Am=(3.4852+0.013)10 " GeV

- cos (Amt —¢)

Time depe

RK" = ztr~} =0 X R(K" = ntx~)
R(K" = t7r=} 4+ o X BR(K" = 7+7=)

-05

T

ndent decay rate asymmetry

A+-

G

(=
T T T
I ] 0
AL AL" JARBALY
Yy
[ g
o I. L
’
. ". .
. ¥
I ’ M
[ _'
M,
1 .
'
", i
H

- 0.03
- D02
gLt
[ D
-0.01

-0 ——4

A

£

s

5 Lo S
21 time dependent decay cate asymmetty

1 120
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CP Violation - XIII

CP violation in 37 decays

Expect, by swapping K, <~ K, :

I+

1 (Ko;t) = %'(1— 2Re(6)) e+ |€|2 e '+ 2|€| e 2 cos (Amt — )

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

Fall 2012 E.Menichetti - Universita' di Torino
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CP Violation - XIV

Summary of decay rates ( CP violated)

Pure K°att=0

10

i jlllm l ERTTIT Tt AW EETT |

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

T T T T

Pure K° at t

10
P e
10 TRn -
S|\: T
10 ; 3
I I
ID M 1 PR 1
0 5 10 15 20 25

t/107%s

Fall 2012 E.Menichetti - Universita' di Torino
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T, CPT Tests - 1

From previous conclusions on CP violation:
I’(KIOZO — I?O) = F(IZ}’:O — KO)

Also time reversal violation:

Amplitude of direct process = Amplitude of reverse process

To be expected if CPT is a good symmetry

K" = K%) = I'(K" = K")

I'(KY = KY) = I'(K" — K")

Taking semileptonic decays as a benchmark:

B E'IKj.' o =T ety)-TI'(Kl_,=7%e 7,)

'_ll' e \ v =0 —_—
'Ky =7 e'w)+ 1 (K_,—=7"e 7,)

Fall 2012 E.Menichetti - Universita' di Torino
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T, CPT Tests - 11

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

— Expect
A ~66107°

¢, 0.04
<T
0.03
0.02

0.01

-0.01

_0.02 Jlll l }Ll lllL 1 ]llLJl lll‘l JL.lL l"
4 6 8 10 12 14 6 8 20

Neutral—kaon decay time [7s]

Ap=(62+£1.7)x10 ",

Fall 2012 E.Menichetti - Universita' di Torino
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1, CP1 Tests - 111

Semileptonic decays also used to test CPT

Simple test:
F(KO — KO): F(I?O — 120)

Define CPT asymmetry :
F(KO — K0>—I‘(Izo — EO>

Ao (X SR TR oK)

Measure by:

I‘(KO o —>7r*e+ye)—I‘<Kt0:0 —>7r+efl7€)

=

F(KtO:O — 7r_e+1/e)—|— F(I?O:O — 7r+e_17€)

t

Acpr =

Fall 2012 E.Menichetti - Universita' di Torino



1, CP1T1 Tests

Since:

1Y%

1 [ _Is+4Ty
I‘(Ktoo — T e v >:NZ sty et 4. 2e 2 cos Amt
=0 1 _ e r st
I‘(Kto—mrey):NZ sl e 4+2¢ 2 cosAmt
.04
< 0.08F
0.06
— Expect 0.04 F
i . o * bl
Aqpr =0, independent . #{* %MM + Jr + l -
ISR
~0.04 F +
-0.06
0.08 F
O T T T 0 12 74 16 18 20
Neutral—kaon decay time (1]
Fall 2012 E.Menichetti - Universita' di Torino
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‘ Direct CP Violation - 1

Another side of CP: K° decays CP violating

— Direct /QF

Amplitude ratios :
*,__= T KO 0_0 T KO
1o e e = T

In order to relate 7, ¢ parameters to ,¢'

a)Decompose 27 states into isospin eigenstates:

< \_ 1_2|+\E<1:0|

<WOWO\Z\E<1:2|_%<1:0|

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

Fall 2012 E.Menichetti - Universita' di Torino

62



‘ Direct CP Violation - 11

Full 27 states include proper phase factors

originating from S-wave 77 scattering

= _L i6, 2
<7T7T —\/§<2|e +\/;<Oe
i, |

<7TO7TO :\/§<2 e —$<O

Define decay amplitudes into isospin states:

i,

o

(0|H,|K")
K')

A,

A, =(2|H,

Fall 2012 E.Menichetti - Universita' di Torino



‘ Direct CP Violation - 111

CP|7m)=+1— CPT|0)=(0|,CPT|2) =(2|
CP|K")=—|K*) — cPT|K")=—(K"|

|H,,CPT|=0

_}[<OHWK°>CLT<K°HWO>A§

CPT
—

(2|H,|K")—>—(K°|H,|2)=—A,

0\ _ 1

KL> 2(1—|—|8|2)
0\ _ 1

Ks> 2(1+|8|2)

:(1 +¢)

:(1 +¢)

K°>—|—(1—6)‘K0>]

K')=(1-¢)|K°)]

Fall 2012

E.Menichetti - Universita' di Torino

64



‘ Direct CP Violation - IV

Transition matrix elements:

_ 2 1 i6, i i6,
s ‘H‘K£>:\/§ 2(1+|8|2)€[R6A266 +24,6™ | +1m 4,e"
(7| H|KD) = e ——[Re Aye™ + V24, +cIm Ae® ]

3 2(1+|€|2)

2 1 is, i8 %,
(' |H|K] =7 2(1+|8|2)5[\/§ReA2e6 — A€ |+21m A"
(r'n°|H|K 2 ! V2Re A, — Ae™ +ev2Im Aye™]

o\ _
S> V3 2(1+|€|2)
After some complex algebra:

<7T+7T_ ‘T‘K2> ~ L%ei(@*%)

77+—:<7T+7T_‘T‘K2>—6+\\/§ on =c+¢'

Gl L
T |k

€ —\E%ei(ér%) =g—2¢'
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‘ Direct CP Violation - V

Double ratio magic:
_mejrEn)
e T

_ (e |T]K2)
= 7[R

~g—2¢'

Moo ’ N |z—:—25—:'|2 B (5—25')(5—25')* N |5|2—4Re(5'5)

— ~

n,_ |z-:—|—z-:'|2 (a—:—l—s')(s—i—s')* |€|2—|—2Re(5'5)

Re(z-:'z-:)

, 1—4 . ' ‘ ‘
el [ R Re(era)] - (Reler)
ne| o qRelee) g e e

€]
00
|2 xléo ( )
s [ oo if ~]—6Re—+
n._| N ]
NS~
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‘ Direct CP Violation - VI

Actually a very important question:
Does weak interaction violate CP?
EF0 yes

=0 don’t know

'80s :
/
Re[i] —(23.0+6.5)x107*(NA3l)  >30
€
N Mostly systematics
Re [—] =(74+£59)x10 *(E73]) ~1.50
E)
'90s :
51 4
Re[—]=(15.3j:2.6)><10 (NA48) ~60
€
/
Re [5—] =(20.74+2.8)x10 *(KTEV) >To
E)
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‘ 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 K and K, events by tagging the protons

upstream of the K¢ target

* Use precise and stable liquid krypton (LKr) calorimetry

to control the relative momentum scale

Fall 2012
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Direct CP Violation - VIII

NA48 Beams (1999)

- Y A ' ] ,
SPS spill length : 2.38 5 K anticounter not to scale !
Cycletime : 14.4s Ks (AKS)
Proton momentum : 450 GeV/c Target

F( LTa rget

12

~1L.5 10 protons per spill

Bent /

Muon sweeping | ‘
-

cristal
; Last collimator

Ks tagging station

allia J Region
(~3.10 Tpnll(rns per spill) (" 40 m lOIlg)

~ 126 m ~ 114 m
- - -
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Direct CP Violation - IX

LKr calorimeicr fime resolulion (50 GeV )

ol S NA48 Detectors

1| _ "“"“':';‘:Hm, G(p)/p :0.4870@0.009p°/o

e 'Y 7 Ll kiypton cakrimete

3 Wit oo ard il - Viewsn o avesgets bonarw o] 4ae

" Hodoscope

"/ Driftchamber 4
A Antlecunter 7
i v _Hellum tank
\ S Drift chamber 3
“\_ \ / Magnet

o, = 230 ps

K—n'*n

2Yi(cm),

rift chamber 2

Resolution
§

ooz : alE/p "
“‘\_ a{EY/E
., .. o(E)/E<1%
LN RS NN N M A L, L

ST (Ev206eV) § Y
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Direct CP Violation - X

Systematics Checks and Result

R stability against cut variations

todal 2yl ervoe

ol05 r
.ﬁ L COG -« 12em .
mI.Dd - COG« Tom | = Beam Halo
= . AM, - 350 -
§1 - indf =13.2/19 AM,, < 250 | - I
a - p7< 3.oxv0* | . re. Backg.
o pe < 150107 -
1.02 - < -
: ﬂ{' el = B Neat. Backs,
1 ;_ : :: :: B U._._‘ Energy scale
E fagging window + 2.5ns | —-— ,
' F L + == tagging window + 1.5 ns —e— | Taeging
| ‘ eccept QX dead time | -
0.99 ' == | - accepl MEX dead fime | —e—t
+ +f B d accept 1 view OVFL | —-—
0.98 reject OVFL 281 ns | - Accidentals
) rejoct OVFL + 344 ns | -y
reject extra iracks | e
097 [ Ka/KT intenaity weighting .
F tradivs s 18cm | e
096 track radivs > 18cm | e
esp<02 | |——o—r .
[ A S I T R noaspcul | [ Arcepiumce
' Jo BO 90 100 110 120 130 140 150 160 470 going racks | e
Kaon energy (GeV) outgoing tracks | | I
-20 -10 0 %0 20 30 "
R-R (107)
: ic Branderd
R
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CP Violation and SM - 1

So far: Phenomenological description — ~ Just symmetries

Now: Try to connect to SM

Mixing : Box diagrams

‘V_ “_.('Tf
i CAA ar> > >
KU . u,c,ty Au.ct E’O K° = gW §W
S —<«hranl—ed S —¢ <€ .=
W 101

Mass difference between mass eigenstates:

G;
Am, = > femy ‘quVquq.qu.s m,m,,

Fall 2012 E.Menichetti - Universita' di Torino

72



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,|sing. cos@mm, ~ ~0.220410°m,m, ~.0005
c,c sin’@. cos’O.m’ ~0.048m’ ~.095
ot |V, |V, \sme cos@.m.m, ~0.220 410°m.m, ~.0021
ne V[V ~1.610""m’ ~0

— Diagrams with ¢ quark dominant

Fall 2012 E.Menichetti - Universita' di Torino
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CP Violation and SM - IV

Just for the fun: Oversimplify, take only charm contribution

d s W

A
.|

&
<

\ 4

e[ ~2 0.81 0.0025 0.343 ~1.410"°

Not that bad...

Fall 2012 E.Menichetti - Universita' di Torino
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CP Violation and SM -V

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

‘Tree’ ‘Penguin’
I d }r
K° w* .
)
d u
) Top dominating:
o< VusVud = /12 p g

< Im(V,V, )~ A’N°n

ts '’ td

' o< Interference between the two above

Fall 2012 E.Menichetti - Universita' di Torino
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CP Violation and SM - VI

Reconsidering box diagrams:

Vca’ Vlf

KY cy At %’

S e h A N—e
Vs Vu

Mgi o< At VeaVisViaVis

Ves V;j,
d
C t KO
S
Vea Vs

M},‘ o< A VC:{ Ves V;zr Vis = ‘M}i

T(KLy — K°) —T(K%y — K°) o My; — M}, = 2Im(Mj;)

Ay = 1'.;51- — K") = I'(K" — E'
I'(KY = K") +I'(K" = K")

Rememebering:

A, ~4Re(e)

—4Re(e)x2ImM ,
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Two State System - |

Electron in a magnetic field B along 7 :

1 ~ . )
H:—,u-BZEaa-B B = Bk, a:(ax,ay,az): Pauli spin matrices

1
—aB 0
E O
—>H:%aO'ZB: 2 1 :[+0 E]
0 ——aB N
2

2 state system: Choose as base states

|_|_> = [(1)],|—> = [(1)] Eigenstates of o, — Generic state:|@/)> = [Zﬁ] — 0, |”¢> - [_@i;_]

Schrodinger equation:

P _Ht e
A ) o) = Fo)=¢ 5 (o) 2| |~ a1 || %

o o\ Y. —.
b ()= Al |+.6)= ¢+o<t)
L PRE A s |A+|2+|A7|2:1—>< 0 Stationary states
+i%Zy
Y (t)=Ae Z — Y=

Fall 2012 E.Menichetti - Universita' di Torino
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Two State System - 11

Introduce another B component along x :
B=Bk+B'i

1 1 :
H=—-u-B zzaa-B :EQ(UZB“‘U)CB )

1 1

ECZB 0 0 EaB _|_E E'
0 ——aB| |—aB'" O
2 2
2% (e, 4o, )| |~ ala] | ¢—]
ot ?,D_ 2 @b_ 2 _77b_ ¢+
[0
ihﬂzlazm +B'Y
o 2 -
— ] 5 . — Coupled equations
ih——=——aBy_+B'
ot 2 v- i
|+.1) .
— 1 ‘ > Non -stationary states
—,t
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Mixing and Oscillations - 1

Use symbol B everywhere for B’, but:
Most of the formalism suitable for K°, D°, B,

Neutral meson time evolution: Two-state system

e

i % ¥ =Hy Schrodinger equation

0 =0 a(t)
w(t) = a(t)‘B >+b(t)‘B > = b() Two-component state vector
Just free evolution for both components, no decay:

M 0 . o
H = Effective Hamiltonian
0 M

%,_J
hermitian

Free evolution for both components, with decay:

M 0) i(T 0
H= -

0o M) 200 T
%,—J%,—/

hermitian hermitian
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Mixing and Oscillations - 11

Observe:

. (M 0Y (T 0 (M 0) i(T 0
H'= +o = +o + H
o M) 200 r) (0o M) 20T

— H non-Hermitian — ¢ non-unitary — State norm not conserved: Decreasing <> I'>0

M A (I C ..
H = == Include mixing
B M) 2\D T’
) hernTitian ) herrgtian

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

M M, i( I I,
%H = * - *
M, M) 2\r, T

. -

herrgtian herrgtian

i [

M-—-TI' M,-——-I,
2

.0 2
Ml*z_arrz M_E
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Mixing and Oscillations - 111

Eigenvalues:
M_LF_/I MIZ_LFIZ
2 2 " ,
N - I
ML, M—-T-2
Define F = \/(MIZ _%FIZ (Ml*z _éFTZJ

-

m1+i%:M—Re(F)—ig—Im(F)

m2+i%:M+Re(F)—ig+Im(F)

-

Am=2Re(F)= 2Re\/(M12 —éruJ(M; —érj‘zj

AT =4Im(F) = 4Im\/(M12 —éruj(M;; —éri‘zj
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Mixing and Oscillations - IV

Eigenvectors:

I I

M—-— MIZ__FIZ
s Ly q q
2

Fall 2012 E.Menichetti - Universita' di Torino
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Mixing and Oscillations - V

Time evolution of mass eigenstates:

Define

1
W, =my —%FH,(U_ =m,; _EFL

— Straightforward free propagation & decay

Fall 2012 E.Menichetti - Universita' di Torino
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Mixing and Oscillations - VI

Time evolution of flavor eigenstates: Flavor oscillations

Define
ol IO
8:(1)= > Observe by:
EO
8" (1)) = 5.0]B)+ 5 0| B°) ﬁ_’ A
-y - B°
[B°(1))= 5. 0| B")+ L 50| B) VX
L q \w' T
B
For B:
EO
AT~ 0,4 -1 8. (1) U
& X
g, (1)=e™e? ! B’

— 2 Lo @) ;X
(t) _ primt T2 Amt q
8_ —2 BO

Fall 2012 E.Menichetti - Universita' di Torino



Mixing and Oscillations - VII

Compare different ratios

_Lw

X

proper time (ps)
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‘ Mixing and Oscillations - VIII

Neutral, flavored mesons: Lightest states

K’:ds
K" :ds
D’ :cit
D’ :cu
B’ :bd
B":bd
B :bs
B, :bs
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Mixing anc

| Oscillations - IX

<T> Am x=Am/[ | y=Alr/2I
KO | 2.6 108s 5.29 ns'! [ Am/I's=0.49 ~1
D0 | 0.41 1012s 0.001 fs? ~0 0.01
BO 1.53 1012s | 0.507 pst 0.78
B [ 1.47 10%2s 17.8 pst 12.1
Fall 2012
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Bvs K -1

Rationale:

CP observed in neutral kaon decays
Ascribed to mixing, decay, or both

Accounted for by a single complex phase in CKM

— Expect CP to occur in other neutral, flavored meson decays
— Heavy quarks involved
— B mesons best bet

Looking again at unitarity triangles:

(1> VidVes TVoiVis £V, Vi =0; (2> VYo ViV, + ViV, = 0;
(5> Vuti‘/td _|_ Vb:v‘/ts +Vu*b‘/tb — O’ <6) Vcti‘/td +Vc§‘/ts + ‘/CZ‘/l‘b — 0

Not all equally useful: Shape, Easy to measure
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Bvs K -11

Im A
Vuqu*
b—u:|~
VCdVCZ p(l_ - J
b—ci~ N\ -

The unitarity triangle: Somewhat ‘equilateral’—Large angles
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Bvs K - 111

VoaVia + ViVis + VipVis = 6 =0 = tu triangle

-

Another ~ equilateral one

Each side o< \*

Im

ud” td

us '’ s

v

Re
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‘BVSK -1V

Im
: Non in scala
Two ‘squashed’ triangles...
2 sides oc A\ ViV )
v,
: 4 > >
I side oc A vV, Re
VosVib + VoV + VieVie = ds =0 = bs triangle
VigVea + VieVes + Vg Vap = 0, =0 = te triangle
A
Im| .
Non in scala
Difficult to use to test QI{
. . . VvV
CP x Height with base normalized to 1 ok ViV,
VCZ‘/l‘b Re
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Bvs K -V

Im 4
Non in scala
..and two even more squashed
2 sides o< A
Vd
1 side ox X\’ /”M :
vV Re
VigVus + VogVes + VigVis = 054 =0 =  sd triangle
VigaVed + VisVes + ViV = 00w =0 = cu triangle
Imﬂ
Non in scala
Vutlvcd *
VY
Fall 2012
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Bvs K - VI

B’ — B” : Most promising sector for validation of CKM
'Large' CP expected

Similar to K° — K°, but:
AM , =0.489+£0.008 ps ' ~0.489 105" 6.582 10 eV s ~3.2210 eV
Ty & Ty =1.561£0.06 ps

Compare to K:
AM, =529 ns ' ~52910°s ™" 6.58210 '°eV s ~3.410 °eV

7, ~ 600 T, ~ 600 89 ps

B,,, B, states cannot be physically separated
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1

|BH>= W(‘BO>+U

r Mixing: CP -1
| D) )1

’ 9 _
8,)= le (18)=n[5")  |[B )= 1+lal (1)1,
Compare to:
1 = 1

K))= 1+€)|K°)+(1-¢)|K°) |, |K?) =
‘ L> 2(1+|€|2)[( ‘ > ( ‘ >] ‘ > 2(1+|€|2)

l-¢
%77:1+£Z

2 H
—imyt——1Lt

Fall 2012
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B Mixing: CP - 11

8 (0)=|8)1. () +|B) 10
B(0) =) £ (0)+]5) 1.0

', Am>o0, y~I', =T

‘ 50 (t)> _ e—iMre’% :COS [%t]|30> —insin [%t]‘B_OA

\‘BO (t)> _ e*’M’e% :_%Sin[%t]|30>+cos[%t]‘g>\
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B Mixing: CP - I

— Expect:

F(BO (t=0)— BO) —e ' cos® [% t]
2 0sf

F(BO (r=0)— EO) = |77|2 e ''sin’ [A_Zm t]

o
@
—_

T

Pure B at t=0

>
L]
— — Am g |
F(B()<f:())—>B()):e_rtCOS2 —t] = 0'4__
2 L
1 2 A 02
T(B*(t=0)—B’)=|— " sinz[—mt] :
n 2 05—

Unlike K°/K":
|77| ~1— ~No CP effect observable by looking at flavor oscillations

By restricting to decays to CP eigenstates: OK! See below..
Main disadvantage: Statistics (Tiny BR )
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B Mixing: CP - IV

Mixing in the SM: Box diagrams, t dominated for B’

B Vo T Vi 2 5 Vo W Vi 4
) )
0 4 4 0 0 o
{q (¥
A Vi © . . Ve W V2 " <

Mixing parameter:

2
R
2
2
) s
2
AN (1—p—in)) —AN

AN (p—in)

o) Vu a, M
(ViVia) Vi -
From UT:
P — B
N 77 — e—2i[3
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B Mixing: CP - V

Golden final state: J /K (or K, : Experimentally less attractive)

B°,B’ — J/YK|

Angular momentum balance: - Iy
0=1¢6064L— L=1 Pure P-wave B S
CP(J/y)=(-1)(-1)=+1
CP(K_?):—H, neglect £P in K°

|
o

A

Y
N
9]

Porb :(_1)L :_1

— CP(J 1K) =~1
— CP(J K] )=+1
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B Mixing: CP - VI

Another golden : 77

0 po
BB — 7w

+
Angular momentum balance: i
L =0 PureS -wave _ _
b < u
CcP (7T7r) =+1 By T
d R d
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B Mixing: CP - VII

Taking decays into (golden) CP eigenstates:

A(B® — JIyK])=(J I ¢K{|H,, |B° (1))

— A(B® — J1)K{) = f, (t)(J 1YKS|H,y | B®)+nf (1)(J 1YKS|H,; | B°)
(J14K{|H,,|B)
(J19K{|H,;|B")

— A(B — J1$K{)=(T1$KJ|H, | B°)| £, (t)+nf (t)

Considering B’, B® decay: Must occur in two steps
B~ J/¢yK' =TIy K, B —JIYK®—JIvY K,

because at the quark level:

b —¢ cs b—cecs

A(B' = JIYK )V, V., A(B®— JI$K’ )V, V.,

— <J/¢K2 ‘Heﬁ‘ ‘B0> =+1 CKM elements involved real {,‘ ‘l\fll " E”_} -
(J 19K\ H,;|B°) (VK| H B
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B Mixing: CP - VIII

D(B° (1= 0)— J 14Ky ) x| (1) +ns_ (1)
COoS|——t|—1e ~"sin|——t
2 2

0)—J /wKS) oce " (1—sin Amesin 23)

2

—T(B*(t=0)—J /9K )oce™

— F(BO (l‘

—>I‘(EO (t=0)— J/wKS)oce_F’ (14 sin Amzsin23)

Time dependent asymmetry:
(B’ (t=0)—J /9K, )T (B°(t=0)— J/¢yK,)
(B’ (t=0)— J /9K )+T (B’ (t=0)— J /Ky

oK, = = sin Amtsin 23

A, x, =—sin Amtsin23
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B Factories - 1

Total e"e™ annihilation cross section:

25 5% Sy 55

i(

»hadrons), nb

Main decay mode for Y (45):

o = o . 0p0
5 - T(4S)— BB, including B’B
o
-] Y
Y(1S) L Y(28) Y(38) "‘_h/msw\f_\
0 1 1 (} (] 1 1 l) (‘! 1 1 (} (}! 1 1 1
9.45 9.47 10.01 10.03 10.33 10.35 10.37 10.53 10.55 10.60 10.62

center-of-mass energy, GeV
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B Factories - 11

Basic idea to measure time dependent asymmetry:

6\1‘(45) ¢

eigenstate

Fall 2012 E.Menichetti - Universita' di Torino 103



B Factories - 111

Example:

Full reconstruction BY/B? decay into J/¥ K,

_______________________ +
G I AN . i *’\'— 7
y H =
_ i e, u, K* tag
BY/B° tagging E

AZ  Vertex reconstruction: cAt = Az/B, y
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‘ B Factories - 1V

PEP Il
Low Ener

o Gevy

North Damping

i % GeV)
Positron Return Line Positron Source
1 1

PEP Il

9'3_"_*( —— | Detector
m:/ PEP Il High Energy Bypass (HEB)
South Damping S yecior | Hi r\EEP I
[1.15 GeV] PEP Il Low Energy Bypass (LEB) F;?ng ('l-!'eEr )y
oS! [9GeV]
- 3 km - >
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‘ B Factories - V

BABAR

\

| -
-

ot 2
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‘ B Factories - VI

BABAR DETECTOR FORTHE PEP-Il B FACTORY
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B Factories - VII
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B Factories - VIII

Vertex detector

- P |
- ] - 580 mm Space Frame I
e —— Y R .
S " I 573 v e g e
Bkwd. /r ! ,..-""V'w ,/“ v IV—¥ A —— 4 a1 el v-w - -
2 [ "
support ¥ S " \ 7
cone . / o = \
520 mrad , - N (1 m___in m et 350 mrad
| ?'v S 1) i 1 < A Fwd. support
| : u : -~ — ___,_m .
| = cone
t e — _ il Frontend = e’
— electronics )
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‘ B Factories - IX

Drift chamber

% 0000

68

'

e e0sesat® %004,

sesecos?®ocas
o et ® 8

0?80 ans

tnseatt o oaass

3

%

s
-
o
o
o

.

a

.

.

o

2255 a0

cev sz a0
0%,
ae

0

5

2

= o
s s 00000 ® 20000

0%

1749

1015

324

I

___E;

Ll
(ag]

973

551
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B Factories - X

DIRC : Particle Id

PMT + Base
~11,000
PMT's

Purified Water

AN

N
Light \
Catcher

17.25 mm Thickness
_(35.00 mm Width)

Bar Box
Track [
Trajectory il

4

PMT Surface /\

|
|

_—Mirror \\\

ALF
B
8 ; r o ﬁ“ \l_) o Window = Standoff Box

/ l
91 mm— ~-10mm
L—/, 490m — -r 1.17 m
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‘ B Factories - X1

DIRC

Support tube

Compensating coil
Assembly flange

Standoff box
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‘ B Factories - X11

EM Calorimeter

Fall 2012
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B Factories - X111

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

(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

e SENE

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

RESISTIVE PLATE CHAMBERS IN GAPS

Fall 2012
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‘ B Factories - X1V

Tagging: finding the flavor of the 2™ B-meson

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

P <Y
o—"—: B¢

Kaons : 2" cleanest tag (correct 85%-95%, efficiency=28%)
= W+ a
L0 | =
WA/U W-\/ .
\d \H

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

Tag B
GZ i 170 !.lm CP B J/f\[!

o, ~ 70 um
e /v

————————————— - i ’
T I i
By = 0.56 (0.43) Az N

/ At = Az/vBcC PCtg = 250 um
Belle
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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

Raw Asymmetry Events /(0.8 ps)

o Bk @

'I.III[IIIIII[
lI_IIIIIIIIIlILIFI

N1 SEERE ENERERNEN |

Illl

—_—
|
| A T e |
f—
I

SE 2 E
. 0 At (ps) . At (ps)

Sample —nsSy Cy

Full CP sample — 0.687 = 0.028 0.024 + 0.020

JWKI(xtTn") —» 0.662 = 0.039 0.017 £ 0.028

Jhp K2 (7%70) > 0.625 £ 0.091 0.091 £ 0.063
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