Fall 2020

Elementary Particles II

3 — Flavor Physics and CP Violation

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

Reminder:

Fall 2020

Fermi constant from p decay =~ Fermi constant from 3 decay

Tiny difference:

Vi u

<|

(4 e

G = (1.1663240.00002) x 10> GeV~> G{f=(1.|36¢0.003) x 10 °GeV >

Kaon decay suppressed by a factor ~ 20 as compared to 7 decay
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Quark Mixing - II

Fall 2020

Cabibbo explanation:

Weak eigenstates Strong (mass) eigenstates

d\ [ cosB. sin6. \ (d
s )\ —sin6, cos#. s

Weak charged currents: Linear combinations of different flavors

6.~ 13.1°

Unique value for Cabibbo angle explaining many strange particle decays

Strong support for universality of weak interaction
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Quark Mixing - II1

Fall 2020

Another mistery
BR(K® — 'y ) ~10°BR(K* — p'v, )

GIM explaination:

u u o c
cos 6, v 4 Sin 6, v § sin 8, oNg o cos 6, 75 §
cosf. W
e u
0 (8 — 4 : 2
K | [uly Vu M, o< gy, cos 6, sin 6, £
S & . ) s
sin 0. W H :5
S
[Z
—sin@. W 02')
d —_— NN —>— U <
K° ey A Vu M> o< —g‘fv cos O,.sin 9(.‘ é
S —e—hnrnN—e w 2
cosf. w g
—
Tiny BR left due to m_ = m_1n the virtual quark propagator n
(& u




Quark Mixing - IV

Fall 2020

Extend mixing to 3 families:

d' dl (V, V. V,\ld u' u
sSU=Vals|1Z(Va Ve Valls] |€'[=Vale
b b) V. V. V,)lo) L !

— Conventionally: Mixing of d-like quarks only

SW. v* w, v* 8w v 3'.1

\/') : ml 2 , u 5 f , ub —/
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Quark Mixing - V

Fall 2020

Encode mixing CKM matrix element into charged current

jd’u:l_ll—i& %(I_YS)] d’

SW. u \/i B
d —>—-q
: . .8W |
= du =u|—i—=Y 5(1— Viad
W Ja [ ﬁ)’“ 5 ( 75)] /

. -/ . 8W

: Juat =4d {—’ﬁ 11— }’5)] u

(= 1.L48 d’

u — c_fl = drl'},l) == (vudd)_;-}p - V“t,(ﬁ”}'u - V,;':‘,C—[
:l W

" Iy 7k .gW | 5
e :dV“ —i—=7"%(1— u
Jud d [ \/z'y'u‘,_( y):l .
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Quark Mixing - VI
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Charged current : gq,499,qq
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CKM -1

Generic mixing matrix:

Fall 2020

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

9 complex parameters — 18 real parameters

UU" =
9 unitarity cond1t10ns:(UT) _ U — Zay a, = 0., Lk=1.,3

j=1

— 18 -9 =9 free, real parameters
Observe: Cannot mix quarks carrying different electric charge

Indeed, Superselection rule:
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Physical states always have sharp charge




CKM - 11

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

o
Al
o
A

©
L

u 7 d d,'
c|=Viy| ' |; S |=Wa)| 4
t u,' b d,'

u,' t t
d' d d
v |yl R vai

24 =V 5 [TV $ E
d,' b b &
=
Vg Vi V,, z
= Vexn :‘/(u)‘/(ji) =V=\V, Vi, V, .g
Ve Y, V, =
Observe: Different quark flavors have independent, arbitrary phase g
Indeed: No strong/electromagnetic transition connecting different flavors g
i




CKM - 111

Re-define arbitrary phases of quark mass eigenstates:

u €’ 0 0 \u d e’ 0 0 \(d
cl=>| 0 €% 0 |lc|, |s|—=] 0 €% 0| s
t 0 0 €7 |¢ b 0 0 €% )\b

Fall 2020

Translate into redefinition of weak eigenstates:

u' €’ 0 0\ u d' e 0 0 )\(d
c'|— VuT 0 €% 0 llc|, |s'|> Vj 0 €% 0 S
r' 0 0 ¢€%|\¢ b' 0 0 €%J\b

Redefinition of weak eigenstates equivalent to CKM redefinition:
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_i¢u l¢ l(¢ 7¢u) l(¢§ 7¢u) l(¢ 7¢u)

e 0 0 e 0 0 V., e’ V e V.,e"
_l¢ l¢ — l(¢ 7¢c) l(¢§ 7¢C) l(¢ 7¢c)

Veerr =1 0 e 0 Vel O e 0 [=|V, e™ V.e V,e"
O O e_l¢z O O el¢h ‘/tdel(@i’@) ‘/tsel(Qs’@) ‘/tbel(@f@)




CKM -1V

Factorize one (any) phase:
9, i 9,
Ve Ve V.e

—_ i, (9, +0,-¢.) (9, +P @) (9, +0,-P.)
—> Ve =€ Ve V.e Ve

(P +Pu-9,) (@ +P-0,) (0, +P-9,)
‘/tde ‘/tse ‘/tbe

Fall 2020

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

— Use to make 5 elements real in V,,,

— Leave 9—-5=4real, 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 3%3 orthogonal matrix = 3D Rotation — 3 angles]
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I complex (irreducible) phase factor




Fall 2020

CKM - IVbis

Original version by K&M (1973): 4 complex elements
Parameters:

3 ‘rotation’ angles 6,, 6, 6;

1 complex phase J

S; = sinb;
c; = cosb;
d’ C1 —81C3 —5183
b 5152 C182¢3 + c253e’’ 185283 — cacze’” b
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CKM -V

Standard form: 5 complex elements

Fall 2020

Parameters:
3 'Mixing' angles 0,,,0,,,0,,
1 Irreducible phase 6

s; =sing;
c; = COS Ql.j
%
SPISE $12€13 $13€
o +i6 +ib
V = =5,,C55 —C,5,5€ C1pCh3 — §1983515€ 823C13
+i6 +ib
812823 T €12Cx3515€ —C1p8y3 T 81,C3813€ C13Co3
Experiment:

sinf,, < sinf,, < sinf, <1
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CKM - VI

Fall 2020

Visualizing CKM in standard representation:

Product of 3 independent 2D rotations + 1 Phase

('T]‘_) f— —812 C12 “

513 0 13 Vekm = UasUlUs3UsUs
1 0 01
Uszs = {0 c23 s23

“ —S823 C23

(10 0 1
L',.-n — “ l ”

00 e 1 J
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CKM - VII

Wolfenstein parametrization of V,,,,:
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Based on experimental evidence of some hierarchy among angles
Define:

A =sinf,,

AN =sinf,,

AN’ (p—in)=sinfe "

Then:
2\ 2
cos@lzlel—AZ’:l—)\——A— S
2 8 =
A2 %
=2 A AN (p—in)
v A =0.225940.0021 ~ sin 6, 2
Ve = ) [ AN A=0.8240.02 5
° 0— P g
AN (1—p—in) —AN 1 =t m




Filling CKM - I

Fall 2020

Filling CKM (PDG 2013)

semileptonic / leptonic kaon decays

hadronic tau decays ! : .
superallowed 0* -0 B decays l semileptonic / leptonic B decays

R e

0.97425+ 0.00022  0.2252+0.0009 (4.15+0.49) x 10>
0.230+ 0.011 1.006+0.023  (40.9+1.1)x10°
(8.4+0.6)x10™  (42.9+2. G?xlo‘-* 40.89+0.07

semileptonic charm decays
tharm production in neutrino beams \ semileptonic B decays

semileptonic / Ieptonlc charm decays

B oscillations

single top production
B_oscillations
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CKM elements involving ¢ quark less well known




Filling CKM - II

|Vud| from nuclear beta decay ( . :)
u
Vv B Super-allowed 0*—0* beta decays are
J ud Ve relatively free from theoretical uncertainties
2
[Mox |Vud|
e

Via| = 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 41,

— High precision measurement of V , from transition rate

Fall 2020

(@)
C
=
(@)
|_
©
‘©
=
wn
S
()
=
=
-]
1
=
()
s
O
C
()
=
LLI




Filling CKM - III

Fall 2020

i

from semi-leptonic kaon decays ( % )

) [N |Vus|2

Vis| = 0.2257+0.0021| (= sin6,)

Differential decay rate:
dT(K° > 7'ev)  Gm
dx, 19277

—
Standard 3-body
total rate

VM A)

2 3/2 2E
2 m
f(qz)z()@z,—4—’2’} X, =—=
%/_/ m

Form factor

¥
Phase space factor
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Filling CKM - IV

Fall 2020

|Vcd| from neutrino scattering | v, + N — ‘uT“u,‘X (>< . )

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

decay ofa DV (cd) meson
ed) Rate o< |[Voq|>Br(DT — Xpu™vy)

-

opposite sign
U pair

Measured in various
collider experiments

—e—\ = ||Vea| = 0.230+£0.011
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Filling CKM -V

|VC5| from semi-leptonic charmed meson decays

[ox |V('s|2

()

*Precision limited by theoretical uncertainties

[Ves| = 0.957£0.017 1:0.093

experimental error

theory uncertainty

Make D*D- pairs from e*e— y(3770)— D*D-

BR D* — K’ e*v, = ( 8.83+0.22) %

Fall 2020
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Filling CKM - VI

Fall 2020

|Vcb| from semi-leptonic B hadron decays
e.g. 2
B [N |v(‘b|u
|Vcb‘ =0.0416+0.0006
Dorty, a] (223 £0.11 )%
_— 2 5 )2
dl'(b — cl l/l) _ GFmb2 ‘Vﬂb‘Z 2x2[1 X C 3—2X—|—C‘|‘ _ZC ’C:
dx 192721 ¢ 1—x 1—x i

L=10"cm s ' > L ~10%cm*d"

1nt

0, ~1nb= 10%3ecm> = R~10°BB d!

R, ~10° Do, d' —Nua %
dec e ‘/Cb T(days)

E.Menichetti - Universita' di Torino




Filling CKM - VII

Fall 2020

rom semi-leptonic B hadron decays
Vil | |f i-| ic B hadron d
e.q.
4,
B [N |Vub‘“
|Vub‘ = (.0043 +0.0003
70ty (77 +12 )x107°
— 2
= V 2 2
1% — vt ﬁ) — 1 ub - J (mg/mg) , compare rates
L'b— cl v,) ‘Vcb‘ f(m Im)

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

T (days)
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Ustat
Vub

0 —— -1
— R, . ~10 mev, d —




Filling CKM - VIII

Fall 2020

|th| from single top production
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Filling CKM - IX

Vi

| Vi

from B,, B, oscillations

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

Rather use loop diagrams of B,, B, oscillations

ot V
b U FC s ;
w W
s Tt b +  Similar for B, yielding V,,
o
b-——*—lln%mnnnnhékir———s
¢t u,ct

Fall 2020
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CKM Triangles - 1

Fall 2020

V

~xy unitary: 9 unitarity conditions

Take 6 'off-diagonal’ conditions:

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 - Ibis

6 unitarity conditions, off-diagonal:

ds v
,/E/\ thVtS
Vuqus
Sb %
6 Vtthb 5

uc .
3 VuaVed 9
Vi, ——
b¥ch
u ‘ 7 VUSVCS
ct
8 Vcths
VeaVid 6
2 Vcth::b
tu

Fall 2020
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CKM Triangles - 11

Fall 2020

Sides & Angles from experiment

Area: Same for all 6

Aviangie :EJCP :EIm<‘/zijl‘/ilej); 1=k, j=1, Im

»

_ 2 L A216
Jep = 812513523€12€13C 2355, ~ A"Nn

— J -»= Nice measure of cP

Example: Most common unitary triangle

Vudvuz + Vcd VCZ + ‘/td ‘/IZ - 0
Wolfenstein approximation:

2

A)\3[1—)\7](p+in) — AN |14+ A\ (p+in)| + AN
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1—(p+i77)[1—)\—22]




CKM Triangles - I11

Fall 2020

2

V.V, =Al (1—%}( p+in)
V.V, =—AA
V.V, =AZ | 1-(p+in) ]

N

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

2

ES ﬂ/ . .
ViV =(1—7j(p+m) = p+in

VCdVCZ =1
ViV =1=(p+in)
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CKM Triangles - IV

Recent fit by 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 2020
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K Oscillations - 1

First among a host of astonishing quantum mechanical oddities

Fall 2020

P K 0> = —‘ K 0> Pseudoscalar
P|K 0> = —‘ K 0> Pseudoscalar

C KO> = ‘ EO> Not a C eigenstate

C EO> = ‘ KO> Not a C eigenstate
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K Oscillations - 11

Kaons : Just weak decays (< Lightest strange hadron )

Fall 2020

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 Kf>:CP[%(\KO>—\IZO>)}:C[ 2

CP|K})=—|K}) CP=-1

|k} +|)) | =+|xr) cp=

-

Observe: K, , K] CP eigenstates, like photon, 7"
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— Different particles




K Oscillations - I11

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

Consider first decays into 2 7's:

KO s 70 10 KO - -
0 P00 +0- Still have L=0 ) ]
o _ = Pr'r)=-1-1(-1)=(-1) =+1
0 /L:D Ang. mom. conservation C and P operations have identical effect :
RI. :> L = 0 R
) , , T C m-
=  P(r°zn%)=-1.-1(-1) =(=1) =+ /" — /" (no spins
N - ~ ) involved)
¥ is eigenstate of C : C ;r°>:+‘;r°> Te i Te

= Cx'7")=+1+1=+1
(7°7z") =  Cx'n)=Pr'n)=(-1) =+1

— CP=+1 forboth wtn and n'nO

Fall 2020
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K Oscillations - IV

Fall 2020

Consider then decays into 3 7's:

KO — n0 0 @ KO —s 10+ o= 70
™y JPr 0050 +0 +0 "o
L, | L, As above: L =L,
| / ! Ang. mom. conservation - \1_2
10 \ 2 T ° °
® ® 0 — L®L =0 0
= L=L — P r)=-1-1-1(-1)" (-1 =-1
— Pr°z°m®)=-1-1-1(-1"(-1)" =-1 Cr nn’)=+1.C(x 7 ) =+1 (=1} = +1
0_0_0y __ - 1
Crmr)=+l+l+l=+] Experimentally: L, =0 from study _I

of angular distributions of i+, -

— CP=-1 forboth ntn—n®and n® n° t©

(@)
C
=
(@)
|_
©
‘©
=
wn
S
()
=
=
-]
1
=
()
s
O
C
()
=
LLI




K Oscillations -V

If CP is conserved in weak processes:

Fall 2020

K — nrx ,
. Exclusively
K, — nrr

Summary so far about neutral K states:

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

Decay (by weak interaction): ‘KIO >, K, >

nﬁKO> :n”wfo> z””’leo> z””}K% =498 MeV
Expect, and find:

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

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

Provisionally identify:

K, =K (> 7x) 7.,=0910""s 'K short'
K,=K)(>zzr) 17,=0510"7s 'K long'

Therefore:

0 , Different CP

K,=K K, =K,: . e
Different lifetime

Also: Different mass!

Old fashioned (but simple) argument:

Different virtual weak couplings, 27 vs 37

— Different corrections to the mass

CP=+1
CP=-1

Fall 2020
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K Oscillations - VII

Fall 2020

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

2n decays near the start of a K° beam
3n decays near the end
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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:

7 p—ANK°

o BT R
4

Y

0 o
=

o cCcw
-

o
YY
YVY

Fall 2020
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K Oscillations - IX
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K Oscillations - X

Time evolution of strangeness content of the beam:

Fall 2020

Initial condition K°

Am=m, —my

-

I VA R G v L (Ty+Ty) 1

I(Ko)zie (L 2jt+e (S 2} :% et pe s 42 2 tcosAmt

— . _
. _iF7L 5 mS—ir—S (Cp+T)

I(EO):ie (L th—e ( 2} :i e 4T _2¢ 2 cosAmt

— Strangeness oscillations

Detected in many ways, for example by semileptonic modes:

K° > re'v,

K’ sr'ev,
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AQ = AS rule: Unambiguous strangeness assignment from decay products




K Oscillations - Xbis

Reminder: Weak decays selection rules

[AQ| =1

Fall 2020

Both coming from 1st order diagram

u  Q=+2{3 5=0

———— W Q=+1,-1
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s  Q=-1/3 8=-1




K Oscillations - X1
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I J
0.8 t ]
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7 0
nterterence! 2 ]u/ 1(&°)
= 04 H E
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K Oscillations - XI1
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...And 1t’s true!

Semileptonic decays

N.,-N_ o
N7T+ + Nﬂf |

CHARGE ASYMMETRY N THE DECAYS Ko '@’y

. ' A
. \/ Time ——

—— e ————— —— ——d

D08 =

004 - \
002} ' 2
s } ' S
= o - |:
= OF - e " - i i - S L o
E o LI B o
z K DECAY TME t' (10 "sec ‘®
-002 1~ E_)
\ y Asymmetry # 0 at large #: =
- 'a / CP violation .
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K Oscillations - XIII

CPLEAR experiment fit to Am

R =T(K ,— n"eV,) ;
R_=T(K ,— ate V,)
R_=T(Ryo— w*e V) .
R =T(K_o— 1 e*v.) 2
o _(R+R)-(R +R,) D';
Y (R +R-)+(R-+R.) N
A — 2e~UsHTLI/2 cos Amt
Am e-Ts! 1 e TLf
Am = 3.485 x 10~15 GeV i

=3

RIER.RRES

Fit resicucls
ALhd cmee

e

llllIIIIIlII]l’Ii’IIIIIIIIIIII'IIII|Illl 1T

" | PR L
15 20
Neutral kaon decay time [Ts]

.
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=
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K Oscillations - XIV

Fall 2020

Observe:

T(K' < K")= 2
Am

0 =0 27 27 ~22
—T (K"~ K°)= — — ~ 6.5810 "2 MeVs ~1.18 ns
34910 “MeV 34910 “MeV i
T, ~89510 " s
— I ~13.3
Ts

— Just a fraction of a single oscillation within a K lifetime
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K Oscillations - XV

o
Al
o
Al

©
LL

Summary of decay rates ( CP conserved):
2 lifetimes (27, 3 7)

Strangeness oscillations (Semileptonic)

2 masses (27 37)
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K¢ Regeneration - I

Fall 2020

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

K’ 7 4+p—=K +A°
K’: 7t4+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 - II

Fall 2020

Total cross section different for K°, K°:
Indeed, e.g.

EO +p —>7T+ —|—AO
is strictly forbidden for K°

— O-KO = O-I?O

Remembering the "OpticalTheorem™:

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

s £ (0)= £ (0)
Take forward scattering (: propagation) of our pure K, beam:

) = |K°)+R°)) = 5 (A{f )| £7)+ B ) &) =] )

1K) = alK)+blK,). Jaf -+ =1
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— A | K S> component has been regenerated by the material!




K¢ Regeneration - 111
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Piccioni et al. — Berkeley = 1956

« Schema dell’'esperimento:

Camera a bolle a propano:

K0 670 Mevic

m o
/I i 0 )
1.1 Gevlc 6.8m K2

» K

Bersaglio H Lastra Fe

inciden! Ky baom S—
riE23 1) = Py J
Propone = L11]
) o
T % 15 cm / 2
Fegensrorad I T (@)
K, mawan ' : 1“ L},-"fl._ |_
Dalle tracce & possibile misurare gli —r—nw—v*—:%—u.m-_p"l*-f"" Hrerree 8 S
impulsi dei due 11, dalla cui somma ! L) =
vettoriale si ricava la direzione del K r . " % £
rigenerato, e quindi I'angolo 6 B i E
4 cm l =
— L . < - - ' - "\._r o g
9% 9% S W7 GIs G NS W s KK 3]
409 & 5
=
wi




K¢ Regeneration - IV

KTEV - Fermilab = 2000

Specirometer
" Magnet
Photon Veto Detectors

20 ch —‘———|—' |
= Decay Reglion

-
. m 2K beams - |.
ky egenerata | | y i

. Sweeping /
. Magnet . 4.
y T Vacoum Window ~ Dnft

Chambers

Collimator

]t Hodoscopes
Hadron Veto

Csl
| ||||
]
| I"I

7 Back

Aot ®
Tngger  Muon

Hodoscopes  Fulter
1

] ] !
100 120 140 160
Dustance from Target (m)

180

Fall 2020

Regenerator

Strong K regeneration signalled by 27 decays with 7 lifetime

[Large interference observed in 27 rate:
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Regenerated K component interfering with CP violating, 27 decay of K, beam]




K CP Violation -1

K, — 77 decay observed in 1964; K, — 7’7’
Small BR ~ 107

WATER
CERENKQV
COUNTER
REGION OF \
OBSERVED DECAYS SCINTILLATOR?

PLAN VIEW

—
| £t

/COLLIMATOR 4
E, 27235557 [}

57 ft TO+— HELI c—
.:TSEN&L RS, SR SCINTILLATOR/
ARGET /
WATER
CERENKOV
_ COUNTER
. —b
. gt — :
Fondo principale: n*m 0 "

Segnale cercato: T*m / )

decay also observed

484 <m™ < 494 +10
r-!t;{rer_1Jilljlfilxlrl ri‘ti .

30

Ky>n*n
20

Effect is tiny:
about 2/1000

494 < m*< 504 10

il

504<m*<514 -|o

i el B

0.9996 0.9997 0©0.9998 0.9999 1.0000

cos @

NUMBER OF EVENTS

Fall 2020

o
C
=
o
|_
ho)
‘©
=
wn
S
()
=
=
-]
1
=
()
s
O
C
()
=
LLI




K CP Violation - I1

Fall 2020

Three possible mechanisms:

DK, , K, not CP eigenstates - Decay CP conserving
1

T IR AR K = )l

K, — 7 accounted for by

—>‘K§>:

|

\/H—|<€|2

2)Decay CP violating - K, ,K; CP eigenstates
&) =|K3)

‘Kz? > = Mixing CP: Measured by small parameter &

|K9)+¢|K7)
! !

T i

Direct CP: Measured by very small parameter €'
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3) Interference between mixing and decay




K CP Violation - III

Fall 2020

Define:

=(2.276+0.017)x107°

MK -»n°x"

=(2.262+0.017)x10~>
MK, —»x°n°% ( )

|’700| -

Expect:

Case 1) —n,_=n,
Case 2) — 1n,_ =1,

Generally (see later):
n._=c+e'
n,_=&—2¢'

— &' e, must be very small
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K CP Violation - IV

Fall 2020

Focus on mixing ﬂ{ , ignore direct ﬂ{ for the moment
€= |€|ei“’ Measuring mixing CP

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

7w decay rate as a function of distance

0 N 2 it
I(K ;t) = E(l—ZRe(a)) e s+ la e*FLtJ +2|€|e 2 cos(Amt—go)
K, contribution Interference
I+

(R%) =2 (14 2Re(e)) | e 2l 2 cos(ame—g)

— Get |€|,g0, Am
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€[ =(2.285+0.019)x10°7°
¢ =(43.5+0.6)




K CP Violation -V

Fall 2020

...Quite correct! Pure interference term

: 5
105 =
20 8
=
5 t {
= t(107s)
z .
(=]
(&)
IOJE L (a)
, <«— Tnmdecay rate
0%
L - {b)|
k curve: no interference term
%' 1 1 1 N S—
5 0 15 20 5 30
T (0%)

Similar to regeneration data, but: No regenerator!

Interference between K, and K in 27 decay
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— K, and K states not orthogonal: Both have a K, component




K CP Violation - VI
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Neutral beam at large distance from production target: Pure K,

1
)= ) 4]0
S [KD) = ———[(1+2)|K*) +(1-¢)| &)

2(1+|5|2) '
— &) =——(1+)| k") - (1-2)| &)

2(1+|€|2) '
Take semileptonic decays, e.g. K ,: . E
K =7 e, b : nt 'c;)
K’ — 7T+e_fe e S‘Q“\’ %

e o)

Observe: e ::
CP|K")=|K") =
CP‘7T_€+Ve> = ‘W+e_ﬁe> %

— No CP eigenstates




K CP Violation - VII

Fall 2020

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

5=

2 D
o<|1—5|

F[KL . 7r+eﬁe] <|(K°|K,)

D(K, — e 7)oc[(RO[K, )| oclt+ef

|1:E5|2 :(lis)(lis*)%l—ks—ka* =1+2Res

_(14+2Ree)—(1-2Ree) 4Ree
" (1+2Ree)+(1-2Ree) 2

— 0

=2Ree= 2|5|cosgb

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

Measured: (3.27+0.012)107°
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K CP Violation - VIII

CPLEAR - CERN ’90s

Magnet cail B=0.44T

E:I:I.I_.Ii:cl:mm:l:lﬂ?:
Eleciromagnelic calorimeler

v ___________________________________________________ |
= | Drifl enambers =
Seam moniier , Hy trget

| éemlovw:anluumm |

eletromagnetic
calorimeter

6 drift chambers
o(Mgo) =~ 13 MeVi?
3 proportiona (5 —10) ps

chambers

N
2

cherenkov scintillator

Fall 2020
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K CP Violation - IX

Fall 2020

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

Use reactions:

pp— K 'K’

pp— K K°

and semileptonic decays
K’ — 7T_€+I/e

K° — 7T+€_I7€

produced .
Strangeness of K state: Tagged unambiguously
decaying
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K CP Violation - X

Fall 2020

Strangeness oscillations in presence of CP:
_FS+FLZ

1 It —I,t
R, :F(K,O:O —>7c'e+ve)=NZ{e Bt 42e 2 cosAmt}

FS+FL,

— | t -T;t -
R_:F(K,O:O —>7[+e_ve) e +e T —2e 2 cosAmt

g+,

_ — 1 = t
R, = F( K, — 7Z'_€+Ve) e’ +e " —2¢ 2 cosAmt

_ — _ 1 I+l
R :F(KO: —>7L'+e_V€)=NZ{e'FS’+e'FL’+2€ 2 cosAmt}

(R, +R)—(R_+R,) 26_%1008Amt
“ (R +R)+(R +R,)  e'+e'
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Asymmetry not sensitive to CP violation




K CP Violation - XI

Fall 2020

Decays into 2 7's: Time dependent asymmetry

( ( —>7r7r) (K0—>7T7T)
(K0—>7r7r)—|—F(K0—>7r7r)
N ) R '
I(Ko;t):3<1—2Re(s)) e_FS’—|—|€| e_FL’—|-2|€|€ 2 cos(Amt—go)
0./ N Iyt 2 1 _%’ A |
(K%)= E(1+2Re( e))|e™ +e| e —2Jele cos(Amt— )
[ FL+FSI _FL+FSI ]
I(Eo;t)z% FS’+|g| 2|<°:|e_T cos(Amt —p)+2Re(e)e " —4Re(e)lele 2 cos(Amr—¢p)
FL—&-FSI FL+FSI -
H(K%)m e ™ 4l e T4 2lele * cos(Amr—p)—2Re(e)e ™ —4Re(e)fle > cos(Ami—g)

[ +Ts

—2ele 2 " cos (Amt—p)+2Re(g)e

I(Eo;t)—I(KO;t) =

I +T,

I(Eo;t)+I(K0;t) ~Nle ' —|—|€|2 e —4Re(s)|5|e_ 2
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K CP Violation - XII

Fall 2020

T Ty,
—2lele *  cos(Amr—p)+2Re(c)e
R

e s+ |<€|2 e ' — 4Re(<¢:)|€|eiT

A<7T7T) =

Keeping only terms linear in |s| :

_Tu+4Ts,

Tyt 2 — St
A 4Re(e)e 4|<€2|€F t cos(Amt — ) _ 2Re<€)_2|g|e 2 cos(Amt—)
e S

(Cs—T%)

— A(rm)~2|Re(e)—e|le 2 tcos(Amt—gb)
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K CP Violation - XIII

Fall 2020

CPLEAR on 27z decays
Expected decay rates Observed decay rates
for K°, K° initial state for K°, K’ initial state

Prediction with CP violation

A Ks ] ng CPLEAR data
o'f 5 E N nn
oy
10 E ;,' 'e,g..
* Kimp =+ XX 10° = tagged initial K"

I cecay rate
o

"
.
/ '6’4 by

tagged initial KV 't ;;H’“wa
|

K, — nn

=

Ty
=
7=

m -
) e
F K: 0 * T P 102
! .“LJ...“lu..l““1-“..1.“ FURPISY Iy (ppapmy e - - - - - - - - L2
g EE s T5s N0 zs 1\1.‘-_5 20 25 25 2 4 6 8 10 12 14 16 18 20
110" s Noutral -kaon decay lime |Tg]
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* interference term




K CP Violation - XIV

Time dependent asymmetry:
D(K")-D(k")
T(K°)+T(K’)

Fall 2020

A(7r7r) =

(Cs—T%)

— A(rm)~2Re(c)—2lele 2 t cos (Amt — ¢)

'|s|:(2.264i0.035)10’3 |Time dependent decay rate asymmetry.
0 T 1°E ]
— 1 =(43.19+0.073) { *IE C hes )
i =

Am = (3.4852+0.013)10 " GeV 1t < [E

A S 05T g
zE | , S
X | % : 0 :-;
4'!‘ :‘_‘ 003 : ?
kE il =
11t oo g
o |= T D =
5 v.x_.- :-D.UL E
<= 0oz = i

> 20
21 time dependeat decay cate asymmelry Ty




K CP Violation - XV

Fall 2020

CP violation in 37 decays

Expect, by swapping K, < K, :

Iy +Tg

I(Ko;t):N?'(l—2Re(e)) e el e 2lele 2 cos(Amr—)

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
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K CP Violation - XVI

Fall 2020

Summary of decay rates ( CP violated)

Pure K°att=0

decay rate (arbitrary units)
decay rate (arbitrary units)
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KT, CPT Tests -1

Fall 2020

From previous conclusions on CP violation:

Ig+Ty
—Dgt —I';t T, !
e S +e U —-2¢ cos Amt

R = F<Kt0_o — 7T+e_ﬁe) = N(1—4Re€)%

Is+Iy
—Dgt —It 5 !
e S +e Y —2e cos Amt

R =T(Kl,—mev,)= N(1—|—4Res)%

+

— F(Kto_o — EO) == F(Eto_o — KO)
— Amplitude of direct process = Amplitude of reverse process
— CP violation <« Time Reversal violation

To be expected if CPT 1s a good symmetry

Define T asymmetry:
F(IZO_O — KO)—F<KO_O — EO)

t

F(IZO_O o KO)—I—F<K;)_O o EO)

AT:
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KT, CPT Tests - 11
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Measure by taking semileptonic:
I (EIOZO —7 ey, ) —I (KIOZO — 7T+€_I7€)
F(Etozo —T e, ) +I (Ktozo — 7T+e—§e)

A =

A, ~4Re (8) = 4|8| cos ¢ Time independent constant

— Expect from 77 CP violation

_ (@)

A ~66107° n : g
¥ 004 | S

<t s [

Measure: 5 IE + 5
.03 ‘©

-3 o =

A, =(62£1.7) 10 0.02 | 2
0.01 E 2

)

f g

-0.01 F =

Yoy TS U PP I I PP PP I P B S

) 2 4 6 8 10 12 14 16 18 20 =

LLl

Neutral—kaon decay time [71g)




K T, CPT Tests - 111

Fall 2020

Semileptonic decays also used to test CPT

Simple test:
F(KO — Ko): F(I?O — I?O)

Define CPT asymmetry :
F(KO — Ko)—F(I?O — 1?0)

Ao S K S K4 T(R S )

Measure by:

F(KOZO — 7r_e+ye)—F(K0 — 7r+e_ﬁe)

t t=0

(KL, 7 e'v,)+D(KL, e 7,)

t

Acpr =
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KT, CPT Tests - IV
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Since:

Ty +FLt

|
I’(KtozO — 7r’e+ye> = NZ e +e ' 42 2 cosAmt

1 [ RYE: VP

I’(I?[O:O — 7r+e*ie> = NZ e +e ' 42 2 cosAmt

— Expect:
A, =0, t independent

Measure: o
N 0.1 .g
< 0.08 F IE

0.06 | :g

0.04 "é‘

0.02 h H 3 .GEJ

-0.02 | -
~0.04 | + @
e

-0.06 %
0.08 S

-0.1 b= : - : . : L

2 4 6 8 10 12 14 16 18 20
Neutral—kaon decay time [1s]




K Direct CP Violation -1

Fall 2020

Another side of CP: K° decays CP violating

— Direct QI{

Amplitude ratios:
T KO . 7| T|K? -
n, = 2:+: }T}Kéi = |77+_|el¢+—, Tloo = 2:0:0 }T}Kgi = |7700|e’¢oo

In order to relate n, ¢ parameters to ¢, ¢c'

a)Decompose 27 states into isospin eigenstates:

‘<7T+7T‘=%<I=2|+\/%<I=O|
0_0f__ 2 _ _L —
\<7r7r\_\f3<1_2| \/§<1_0|

I =1 absent due to Bose statistics of 7's in a S-wave
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K Direct CP Violation - I1

Fall 2020

Full 27 states should include proper phase factors

originating from S-wave 77 scattering

- 1 id) 2 idy
<7T+7T ‘:\/§<2 ev +‘/§<O e’
0_0 2 i6 1 16
= = (2]e® ——=(0]e™

<7T7T 3< e \/§< e

Define decay amplitudes into isospin states:

K°)
K°)

4,=(0lH,
A,=(2|H,
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K Direct CP Violation - III
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CP|rm)=+1— CPT|0)=(0|,CPT |2)= (2]
CP|K")=—|K")— CPT|K*)=—(K"

[H,,CPT]|=0

(0, |R°) S —(k°|H, |0)=—A;

)
[
+
o
R
+
y
=
o
S~~——
+
=
|
o
=
o
—
ta'di T

E.Menichetti - Universita' di Torino




K Direct CP Violation - IV

Fall 2020

Transition matrix elements:

(o || &) = L c[ReAe™ 1124, +Im A"
f 2(1+[ef [

n'r |H|K{ ! Re A,e™ +~/2A,6™ +&Im A,e™

(1 188y oAt + e e

7’| H|K? e|V2ReAe™ — Ae™ |[+/2Im A e™

< ‘ ‘ > \/_ (1+|€|)[ © ]

<7TO7TO‘H‘KO> [\/_ReAze —Ae™ 4+ ey/2Im A, e™ ]

f (1+|g| )

After some complex algebra:

(TR 1 ma, .
m_<7r+7r‘T‘K_2> \/— Ao ) — et
<7TO7TO‘T‘KO> \/_Ian (Br80) _ oo
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K Direct CP Violation -V
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Double ratio magic:

mtn|T|K?
(r'7 |T|K2)

n+_:<7r+7r_‘T‘K2>2€+€'
(TR

T

_ ﬂ2~|€_2€'|2 _(5—25')(5—25')* N|s|2—4Re(5'5)
/- B |s—|—s'|2 a (s—l—s')(s—l—s')* _|5|2—|—2Re(5'5)

Re(e'e) E

, 1—4 :
M| G _2Re(s'5) Re(e'e)| . Re(e'e) -
| o ReEE) el el el g
el

o
700 ()

oo Ng(i ~1—6ReE) 5
| Mo el S
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K Direct CP Violation - VI
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Actually a very important question:
Does weak interaction violate CP?
E+0  yes

£=0 don’t know

'80s:
/
Re|=|=(23.0+6.5)x10*(NA3)  >30
€
</ \ Mostly systematics
Re|—|=(744£59)x10(E73]) ~1.50 o
) :
o
'90s : z
/ E
Re|=|=(153+2.6)x10"*(NA48) ~60 i
€ g
/ CE’
Re|—|=(20.7+2.8)x10*(KTEV) >70 2
€




K Direct CP Violation - VII

Fall 2020

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 Ks/K_ decay intensities
as a function of proper time

+ Distinguish Kg 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
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K Direct CP Violation - VIII

Fall 2020

NA48 Beams (1999)

I
. { 05 .
— |SPS spill length : 2.38 s K anticounter not 1o scale
o Cycletime : 14.4 5 - Ks (AKS)
i Proton momentumm ; 450 GeV /i ldrgel
'{..
c Kl Target
ey =
-
T

N -
\-1 / Muon sweeping

- 4

Bent /
cristal

|
|

-

(@)
=
S
(@)
|_
©
o
O
S
()
=
=
-]
Last collimator '

P ——

Ks tagging station . =
S Decay Region £

( ~3. 10 "protons per spill) (~40 m long) S
=

~ 126 m ~114 m ]




K Direct CP Violation - IX

Fall 2020

LKr calorimcter fme resolution (50 GeV <)

e R TF
| B NA48 Detectors

‘m“';;”:“’"m' 0(p)/p =0.48 70@0009[3 %

Liquld kryplon calor imels:

- Hedoscope
/" Drift chamber 4
S Antlgounter 7
s Hellum tank + =
v . - K—n'n
/ Drittchamber 3 ‘g
g Magnet =
y -,

rift chamber 2
< Anti counter §

Resolution
it

en LY | alENAE
.. |

R, L o®E<1%

Pt L
o

0 g g e e R e e e
Energy (GeV) '

o
C
=
o
|_
©
‘©
=
wn
S
()
=
=
-]
1
=
()
s
O
C
()
=
LLI




K Direct CP Violation - X

o
QA
o
A

4y
L

Systematics Checks and Result

R stability against cut variations

todal sy, ervoe

ol 05
§1 B r ccoge'("::: = : Beam Halo
% r A“u < 35c - -
- >
- “ - ) AM _-250c 1 "
§1 0 % Mmdf = 13.2/19 P'):':_o’m., - . Charg. Backg.
pp« 1.5x10% | .
1.02 E_ M: :': ~ : Neut. Backg.
1.01 :— :: 2: :" - mm Energy scale
- .1
r tagging window + 2.5ns | —e— caclne
LI * * tagging window + 1.5 ns e | Tagzing .
a L SN L - - accep! QX dead fime | = =
0.9 vt | Y ry f accopl MEX dead time | e |9
-  d accepl 1 view OVFL | —— 5
oge [ - reject OVFL 128108 | - Accidentals o~
C rejact OVFL + 544 ns | - -
C reject extra tracks | —.— %
aundlll KaKT infensity weighting - <
L 't rodivs > 18cm | s 5
066 freck radius > 18cm | —e— .
- asp< 02 | ————— Acceptance =
096 C——d—s 1 o 1 o 1 o 1 .1 .1 1.1 . noaspcut | I o
70 BO 90 100 110 120 130 140 150 160 170 fngaing fracks | — ©
Kaon energy (GeV) outgoing tracks | e 1 ! S
-20 -10 g 10 20 30_4 S
R- R’tannaru (107) L

Estimated systermatic band g
. for correction un test




Mixing and Oscillations - I

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

1 A .. )
H:_”.Bzaaa.B B = Bk, a:(ax,ay,az): Pauli spin matrices

1
—aB 0
+E O
%H:%aaszz 1 |7lo -E
0 ——aB B
2

2 state system: Choose as base states

|+> _ [1] ,|_> _ [(1)] Eigenstates of o, — Generic state:|¢> [Z+] — O, |¢> = [_1#1; ]

0
Schrodinger equation:
5 a|¢> 7’.& 7’.§tgz 2 0 ¢+ 1 ¢+ 1 ¢+
—:H = h = 2h o — — B = = B
I R R W B
Uncoupled equations:
) e

i L :laB% Y, (1)=A e*’% [+ = +0( |

— o 2 1T * , |A+|2 +|A7|2 —1— Stationary states

. 81#7 1 +i;—§t 0
th—==—2aBy_ ¢ (1)=Ae ;|_’t>: v- (’>]

Fall 2020
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Mixing and Oscillations - 11
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Introduce another B component along x :
B=Bk+B'i

H :—,u-B:%ao--B :%a<JZB+JxB'>

— H = | + | = £ E
0 ——aB| |—aB' 0 B
2

ezhg[zm]lawoz +B'Jx) w+]la B i +B' V- o
o1 o) 29 e g
|_
Coupled equations: E
o]
(oY, 1 2
ih Vs =—aBy +aB'y_ |—{—t S
or 2 ’ : 5
— - . — | t> Non -stationary states =
ih——=——aBy +aB' - E=
o~ 2Pt 5
&
p=
LU




Mixing and Oscillations - III

Fall 2020

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

e

i ail// = Hy Schrodinger equation
4

p(t)=a(t)| M)+ b()| M°) s£

a(t)

Two-component state vector
b(1)

Just free evolution for both components, no decay:

M 0
H :£ 0 Mj Effective Hamiltonian, M = mass

| —
hermitian

Free evolution for both components, with decay:

M 0 i(I" 0 )
H = —— rl I' = total decay width
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0 M) 2(0

"4 2 "4
hermitian hermitian




Mixing and Oscillations - IV

Fall 2020

Observe:

. (M 0Y (T 0 (M 0) i(T 0
H' = += = +- +H
o M) 2o ) \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
) herrr\lfitian ) herrr\lfitian

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

S H = ]\4* M, _i 1: L'
M, M) 2\l, T
%,_/

12

"

Vo
hermitian hermitian

I I
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M-——-1I M, ——T
) > 12 > 12
—”gﬁ//(f): ; ; w(t)
M1*2_§F>1k2 M_E




Mixing and Oscillations - V

Fall 2020

Eigenvalues:

Define F EReF+iImF=\/(M12—§F12j(M* erzj

' ' r r
M-iT-4 M,--T, A=m—-i—t=M-i——F
’ 2 |=0- 2 .
* | l . .
MIZ_EFIZ M—EF—/l ﬂzEmZ—l?Z:M—la'l‘F

-

ml—i%zM—Re(F)-iGmn(F)j

mz—i%:M+Re(F)—i(g—Im(F)J

\
-

Am=m, —m, =2Re(F)= 2Re\/(M12 —%FIZJ(M; —ér;j
—> 9
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i -
AT =T, -T, =4Im(F) :4Im\/(M12 —EFIZJ(MH —Ernj

\




Mixing and Oscillations - VI

Fall 2020

Eigenvectors:

I ] [

M--T M,——T, M:——T
p p 12 12
? 3 (Jzﬂ”( j%nzi: =—[af +|p[ =
P \'m

Ml*z_arrz M_E

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>a m,=m,,I' =T,

Flavor eigenstates:

[41°) =581, )+101.))
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Mixing and Oscillations - VII

Fall 2020

Define:
r r
@ =m,—i—LX 0 =m, —i—+%
+ H 2 = L 2

Time evolution of mass eigenstates:

— Straightforward free propagation & decay

Observe:
I',=I', =»7,=7,

Generally true for heavy mesons, due to a large number of decay modes
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Mixing and Oscillations - VIII

Fall 2020

Time evolution of flavor eigenstates:

Flavor oscillations

‘MO (t)> zi]MHk—iam +‘ML>€_MU:| =$[(‘MO>+U‘MO>)6_M+[ +(‘MO>_U‘MO>)€_. 3
B —imyt —iat —ioyt -t
B e e e e L
o, i 0 |
Define: gi(t)=e M 1l v, X"
2 \W»
M (1)) < .0 M°)+ L g 0| M) i

— 1

M (1)< g, 0| M)+ L g )| M°)

0
L 4 W
MO (1)) =——— (2.0 M°) + g M7)) K

1+\77\2

— 3 £ + .
‘W(t»: 1 z(ng+(t)‘m>+g_(t)‘M0>) w_’
| 1+|7]
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Mixing and Oscillations - IX

Fall 2020

Compare different ratios
_Ln
r

X

proper time (ps)
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CP Violation and SM -1

Fall 2020

So far: Phenomenological description — ~ Just symmetries

Now: Try to connect to SM

K Mixing : Box diagrams

W X
—p— N\ NN S d —_> > > S
KO ~ wery  Awer YKV wt Sw— |
S« hrnl—e d S —¢ = d
W u,c,t

Mass difference between mass eigenstates:

*
5|

G, .
Am, = 7;2 fKZmK ‘quV V.V

'—
3 qs qu q q,q _u,c,t
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CP Violation and SM - 11

Go to CKM , find:

u,u  sin’@ cos’ Om’ ~0.048m’ ~.005
u,c  sin’@. cos’ @.m m, ~0.048m m, ~.022
u,t  |V,||V,|sin8, cos @.m,m, ~0.220 410°m,m, ~.0005
c,c sin’@. cos’ &.m’ ~0.048m’ ~.095
c,t V,d ~0.220 410°mm, ~.0021

tt |V, ~1.610"m; ~0

— Diagrams with ¢ quark : Most relevant

Fall 2020
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CP Violation and SM - 111

Fall 2020

Just for the fun: Oversimplify, take only charm contribution

s ¢ .4 5. w___ .3
KO W W ?0 KO C \ 4 Az ?0

d_, > _— d_, Y

C %4
A, X (VCSVCZ )2 m> = ()\2 —|—i2A2)\677)mC2
246

e ~ Im(4,,,) 24 AU PYCCH

Re(Abox) A

€[ ~2 0.81 0.0025 0.343 ~1.410°°
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Not that bad...




CP Violation and SM -1V

Fall 2020

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

“Tree’ ‘Penguin’

L P Top dominating:
< Im(V,V, )~ A’N’n

ts ' td

e ' oc Interference between the two above ~ A A* X’ ~ \’
e AN N

_>_

e 240 2
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~ 510" Not that bad too...




CP Violation and SM -V

Fall 2020

Reconsidering box diagrams:

v(d . Vcs V!
Is td
B e
0 d » —i -0 ® ¢ '
K% | cY t L8 K] c t L k0
8] & | d d ‘ 3

v Wy Vea Vs

Myi < At VeaVisViaVis My; < AaVoyVesVigVis = M,

(Ko — K°) — T(K{_y — K") o My; — Mj; = 2Im(My,)

‘ NKY = K%) = I'(K" = K"
[ NKY = KY) + I'(K? = K)
Rememebering:

A, ~4Re(e)— 4Re(e)x2ImM ,
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— No CP from mixing unless some CKM elements are complex




CP Violation and SM - VI
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Summary about neutral kaons:

Lifetime, width, mass:

- -1
_ Am=5.3ns
m~m — Am~4.110°eV 00 2
L~ m, ~ 4, KK /™
7-1 << 7-2 i 0.09 - 52 ns ];'l\”\'l\.' “.“()I]\’,‘,“ ‘\“.‘ L!I"K'l}) .32ns
I, <D, ~111ns" ~0.038 10~ eV
L+l L
5 >
— Am R AF | R R R TR R R T |
=—~05, y=—~0.5 -10 5 0 5 Ermsh
F 2F ns
(@)
Iy, I, £
W, =my —l——,w_=m, —I—= S
" 2 2 -
it et | e L ©
- 1Amt ()]
—i[mLJrAmfiFfH]l‘ —i[mLfii]t 4 Le 4 4 +1 . —Et o
2 2 iAmt 2 1 >
e +e . o —imt € e + =
g+ (t) - - ~ e )
. 2 2 2 i
im t —FTLI [ Amt _FHEFLI %
- LAm, ——
—i[mLJrAmfifH]l‘ —l[mLfii]t 4 Le 4 4 —1 . —Et S
2 ) iAmt 2 _1 =
_ ¢ —€ _ —imt € € :
g ()= = e wi




CP Violation and SM - VII
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ForK: AT=T,-T, =T,
p

=[] 1

_L, W =
Ko(r)>—g+<r)1<0>+ng<r>1<0>ze"m{eme g e ‘lmﬁ

- _
— —\ 1 | e™e T f 1=y 1 eA™e 2 1
‘Ko(l‘)>=g+(z‘)‘KO>+;g_(z‘)‘Ko>ze ’”{ 5 ‘K°>+; ‘K°>

_r, _r - _
. eéMe 2 41e™e 2 41 1 —>

PKO (Koat):‘g+(t)‘2 =8:8: 7 ) ) :Z{l"'e 2 (1+2COSAmt) .§
kS
o eiAmte_gt —-1 e_iAmte_gt -1 1, p —gt §
PK0 (K ,Z)z 5 > :ZM l1+e (1—2cosAmt) g
| -5 Z
P (Ko,z‘)~4‘ ‘2 (1+e 2 (1—2cosAmt)J g
n <
1 I, E

P, (I?O,z‘)zz(1+e 2 (1+2cosAmt)J




CP Violation and SM - VIII

Transition probabilities

K- K /K= K":

Identical (CPT)

K'—-K'/K°—=K°:

Identical if |77| —1—No £P in mixing: Full line
Different if |77| = 1: Dashed + Point lines

As shown prediction for 1— |77| =10xExp. value

Transition Probability

1.0

0.9}

0.8 1

0.7

0.6

0.5

0.4

0.3

0.2

0.1

K> K®=KO0» KO
(lol=1)

K> KO (jor < 1)

8 10 12 14
K lifetimes

|
16

18 20

Fall 2020
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CP Violation and SM - IX
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Rationale:

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

Accounted for by a single complex phase in CKM

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

— Heavy quarks involved

Looking again at unitarity triangles:

(1) Vud‘/uj +Vcd‘/c>; +‘/td‘/t: — 0’ (2) Vudvb;;) +Vcdvcz —|_‘/taf‘/t;< — O’ ;§
(3) ViV +V. Vo +V.V, =0 (4) VAV, +VIV. + ViV, =0; 5
(5) ViV +VoV, +VaV, =0; (6) ViV, +VIV, +ViV, =0 E

=

Not all equally useful: Shape, Easy to measure




CP Violation and SM - X

Fall 2020

Vud Vl;) + Vcd ‘/;lk? + ‘/td ‘/tl;k — O

Im A

b—u: |~

h *
Vcd Vcb

b—ci~\

The unitarity triangle: Somewhat ‘equilateral’—Large angles

E.Menichetti - Universita' di Torino



CP Violation and SM - X1

Fall 2020

VioVia + Vo Vie + Vi Ve =6, =0 = tu triangle

Another =~ equilateral one

Each side oc \°
mlk

ud’ td

V'V

us '’ s

v

Re
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CP Violation and SM - XI1I
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Two ‘squashed’ triangles...

IHIA
2 sides o \* Not to scale
1 side < \* )
‘/ts‘/tb
P A
VisVub + Vi Ve + ViV = ds =0 = bs triangle A% Re
VigVeda + ViiVie + VgV = 0. =0 = te triangle I §
Not to scale £
S
S
X ©
VCS‘/Z‘S E
A7
Difficult to use to test > > 5
/g{ ViV Re E
CP  Height with base normalized to 1 £
5
=
L




CP Violation and SM - XIII

Fall 2020

Im »
...and two even more squashed Not to scale
2 sides o< A

*
1 side oc N’ vV )
//”:///7 ‘/td‘/ts

ViaVus + VegVes + VigVis = 0,4 =0 =  sd triangle VidVus Re
VoVea + ViVes + VoV =00 =0 = cu triangle

Im?

Not to scale

*
Vud Vcd *

/M Vuchb

>
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CP Violation and SM - XIV

Neutral, flavored mesons: Lightest states

<t> Am x=Am/I" | y=Al/2I
KO | 2.6 108s 5.29 ns! | Am/T's=0.49 ~1
DO | 0.41 10125 | 0.001 fs! ~0 0.01
BO | 1.53102s | 0.507 ps; 0.78 ~0
B.O | 1.47 10125 | 17.8 ps! 12.1 ~0.05

Fall 2020
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CP Violation and SM - XV

Lineshapes of mass eigenstates of neutral, flavored meson systems

- -1 -
Am=5.3ns 0 0
l) l) Am {lpa?l

KOKO

0
I/T(KSI’—;U.U.Q]]S

UT(K)=~52ns [\ VI=0dps
! \ AT'/I'=0.0

L [P B ] U
O R eyl $ 0 E 0 [ps ]
m=0. s - -1
BB T Am=15ps
1/I'=1.6ps B O E 0 : :
/T ~1 Enc
ar/=o s s 1/I'=1.5ps
AT'/T=0.3
|
[ S SR
-1 0 1 E [I)S_l] -5 0 5 10 15 E[ps‘l]

Fall 2020
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CP Violation and SM - XVI

Fall 2020
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CP Violation and SM - XVII
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Extend box diagrams to other neutral systems: D’ — D°

s,d loops: Strong GIM suppression

c P - ??\f === » u
DO d.s,b B d,s,b _ Du
o A AR c
0 ¢ _ ! d,s,b T u -0
D w I __ 1w D
o < }__d.s.b § -~
I - 12 C
b loop: Strong CKM suppression )
o2 E
Mx\V,V, | <1 =
©
Indeed, go to Wolfenstein parametrization: 2
()
%2 2 _ E
VoV | ~ NN ~107 5
3
=
L

M oc(mf —mj) small!

— Expect very small mixing




CP Violation and SM - XVIII
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Long distance effects (< Meson exchange, rather than quarks) important

| \ _|
- .\‘-_‘"!I I\\—/. . .-
- &
- g
i

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

T 7, =(4.15£0.04)10" s

I, ~T =(1.59+0.01)10"" GeV :
©

F = u ~ FZ ~ Fl 5
: 2

x= Am _my—m| :
. E  Estimate x, y ~10"* —107° %

_ AT T,-T, %
2 o | [ P :




CP Violation and SM - XIX

~ Same mass: Oscillation frequency small

Fall 2020

~ Same (small) lifetime : D,,, D, cannot be physically separated (Compare to K, /K, ..)
— Only chance to observe mixing by time integrated measurement
Tag D flavor at both production and decay

Production: Take strong decays

D+t —D° 7T+,5*_ —D° 7

Decay: Take two modes

D’ — K*p v, forbidden, only accessed by mixing D° — D”
D’ — K p'v, allowed

N(K'17,)  2+y?

N (K _/L+VM> 2

— R =

Measurement difficult, large samples required
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Mixing & ﬂ{ observed since 2007 by BaBar, Belle, LHCb




CP Violation and SM - XX

Fall 2020

Most promising sector for validation of CKM : B’ — B’
'Large' cP expected Am=0.47ps"
Similar to K’ — K°, but:
AM , = 0.48940.008 ps~"
— AM , ~0.489 10”5~
h~ 658210 "¢V s —AM, ~3.2210"eV ~100AM ,
Ty R Ty =1.56+0.06 ps
AM
r
Compare to K:
AM, =529 ns ' ~52910°s" 6.58210 eV s ~3.410 eV
AM

~1

—

B

~1

—

K

7, ~600 75 ~600 - 89 ps
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B,,, B, states cannot be physically separated




B Mixing: CP - I

Fall 2020

Box diagrams, t dominated for B°

Mixing parameter:

Viva) v,

(@)

=

,r’ — - ~ V* — e 152%] |C__)
(V,Va) Vi =
From UT: g
=

Pra = B =
= o 20 g
=

— |?7| ~1] 2
i




B Mixing: CP - II

Fall 2020

Mass eigenstates:

( _ 1 0 no (

|B,) = T+ (‘B )+7|B >) ‘BO>:%,/1+|77|2 (|B,)+|B,))
< > Yy

8,)= 1j|ﬂ|2 (12)-n[)) |5 )=, \1+Iof (13,)-15.)
—>n= 1=, , € analog to £ used for kaons

I1+¢&,

Time evolution of mass eigenstates:

" N
%<‘BH(t)>_|BH>e . T,00, =T, Am0 M
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B Mixing: CP - III
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Time evolution of flavor eigenstates:

‘BO (t)> = ‘Bo>f+ (t)—|—77 E>f (t)

_ 1 —
B () =[8) 1 (1) +B°) 1. 1)
—i[MJrAfsziFTH]t —i[MfA—szi%]t —z[MJrA—ZmﬂF—H]t —i[M 7A—2’"7i%]t
e +e e —e
f+ (t) T 2 J- <t) - 2
I =0 o _ i m, +m
fu(t)=e? e™le 2 e * || M=—L—L Am>0, T, ~T, =T
(@]
1 £
fo(t)~ %e 2o ™ cos [A—t] g
] 1 -y %
f(t)~—ize? e™sin [—t] 3
5
V —iMt 71“ - A o 0 A —_— é
‘BO(t)>:e Me 2 _cos[Tmt]|BO>—ms1n[Tmt]‘BO>‘ §
— S g
LLI

nl i (Am Am =
2 -—;Sln[Tt]|BO>+COS[Tt]‘BO>




B Mixing: CP - IV

Fall 2020

— Expect:

F(BO (1=0)— BO) — ¢ " cos’ [%IJ
F(BO (1=0)— EO) = |77|2 e 'sin’ [%IJ
F(EO (1=0)— EO) —e¢ " cos’ [%IJ

e ' sin’ [%IJ
2

2

1

F(Eo<t:0)—>50)= ,

Similar for B! :
Important difference Am > T

— Many oscillations in a lifetime
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B Mixing: CP -V
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Unlike K°/K°:
|77| ~]— ~ No CP effect observable by looking at flavor oscillations
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B Mixing: CP - VI

Fall 2020

By restricting to decays to CP eigenstates: OK!

Main disadvantage: Statistics (Tiny BR)

Golden final state: J /K, (or K, : Experimentally less attractive)
B°,B° — J /YK 5 S

Jhy
Angular momentum balance: B W\<§

0=190L—L=1 Pure P-wave

CP(J/y)=(-1)(-1)=+1
CP(K;)):+1, neglectﬂ{in K°
Porb:<_1)L:_1

— CP(J I9)K{)=—1
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— CP(J/yK})=+1




B Mixing: CP - VII

Fall 2020

Another golden: 7n7

0 Bo
BB — nrm

Angular momentum balance: _ 7t
L=0 Pure S -wave B
< u

CP(7T7T) = +1 B, -

o |

Y
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B Mixing: CP - VIII

Fall 2020

Taking decays into (golden) CP eigenstates:

A(B® — T I$K{)=(J I1yK{|H ;| B" (1))

£ (e)(J 19K H,y |B®)+nf (£)(J VK| H ;| B°)
(J14K{|H,, |B)
(J14K{|H,, |B°)

—>A<BO —>J/¢Kg)

— A(B® — J 1yK{)= (T /YK H ;| B)| f, () +nf_(t)

Considering B, B® decay: Must occur in two steps
B —JIyK®—JIlyK] B~ J/yK’—J/y K]
because at the quark level:

b—ccs b—ccs

A(B® = T 19K°) o<V, A(B®— J YK )V, V.,
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<J /¢K§ ‘Heﬁ ‘EO> —+4+1 CKM elements involved real ' 'l\:" H E”_} -
(J19K{|H,;|B") (K, |H |BY)
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B Mixing: CP - IX
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F(BO (Z‘ZO)—> J/wKS)O(‘er (t)+77f_ (t)‘z
cos| —t|—ie *" sin| —t
2 2

—T(B°(t=0)— J /9K |oce ™ (1—sin Amisin 23)

2

—>I‘<B°(t=O)—>J/¢KS)o<e_F’

—T(B°(t=0)— J /1K) oce ™ (1+sin Amtsin 23)

Time dependent asymmetry:

_ D(B°(t=0)— J /9K )—T(B"(t=0)— J/¢Kj) N

J YK F<Bo<tzo)_>J/¢K5)+[‘(§0(t20)—>1/¢1{5)
Ak, =—sin Amisin2[3
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B Factories - 1

Fall 2020

Total e e~ annihilation cross section:

25‘ ..l ‘.l ‘.l ..l ".l 5
.

2 i
£
[
(RS
2
ﬂ b
=] -
=

L L
o 10
2
= v
[ [ 1 :/ '-;_-.
5 | / Y ) il
Y{15) Y(25) y Y(35) i Y(45)
o 1 I L ol L L el 1 | I
9.45 9.47 10,01 10.03 10,33 1035 10.37 10.53 10.55 10,60 10.62
center-of-mass energy, GeV

Main decay mode for Y (4S5):
T(4S> — BB, including B’B’
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B Factories - I1

Fall 2020

Basic idea to measure time dependent asymmetry:

e\r@,S) / <

EPR-correlated

------ /7 a:f "

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

(@)
C
=
(@)
|_
ho)
‘©
=
wn
S
()
=
=
-]
1
=
()
s
O
C
()
=
LLI

— T(4S) moving in the lab system




B Factories - 111

Fall 2020

Example:

Full reconstruction BY/B° decay into J/¥ K2,
oy
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B Factories - 1V

L FEPI
ow I'IEI'E}V

F"n? Eie‘u’]

Morth Camping
Flin%
[1.15 GaV) _ _ :
Fositron Relum Line Positron Source

PEP I
IR-2
Detector

200 l'-:-e"-" Linac FEF Il High Energy Bypass (HEB)
injector
South Damping Sector-10 ';"_EF' L PEP Il —
F|Il'|g 87 Inj2cior Hl h Ener
[1.15 GaV] PEF Il Low Energy Bypass {LEE) ng {HEI‘-?{
Sactor-4 PEF Il [9 GeV]
et injeclor
i 3 km -
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B Factories - VI

Fall 2020

BABAR DETECTOR FORTHE PEP-1l B FACTORY

o
C
=
o
|_
ho)
‘©
=
wn
S
o
=
=
D
1
=
()
s
O
C
()
=
LLI




0c0c Iled OULIO| Ip BUSIBAIUN - IIBYDIUSIN'T

DIRC PID | |

B Factories - VII



B Factories - VIII

Bkwd. L&/ ~
support v A=
cone . “ \
220 {“r"d Fwd. support>>0 mrad
" —= cone ‘,
f & —= N Frontend e’ i
T electronics .
« > ’ A5
Beam Pipe

Vertex detector

Fall 2020
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Drift chamber
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B Factories - X

DIRC : Particle Id

17.25 mm Thickness
(35.00 mm Width)

Track
Trajectory

/—Mirror Q\ /

PMT + Base
/_~‘I 1,000
PMT's

Purified Water
~

™
Light
Catcher

: Bar Box o

W)EM

!

PMT Surface /1 H

Fo |

I_.r h.l
L 3

- /—4.90m ——|

F — ~ N /’/"/ |
B . o
i’ $ XV?\,'E = 3 " Winidaw P Standoff Box

91 mm— ~-10mm
- 117 m

Fall 2020
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B Factories - X1
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DIRC

/ Compensating coil
Assembly flange

Standoff box
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EM Calorimeter
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B Factories - XIII
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Instrumented Flux Return: Muon detector & (coarse) hadron calorimeter

RESISTIVE PLATE CHAMBERS IN GAPS
(19) PLANES IN BARREL

(18) PLANES IN END DCORS

END DOOR FLUX RETURN
PLATE SEGMENTATION
(9) 20 MM THK PLATES

= (4) 30 MM THK PLATES =
(4) 50 MM THK PLATES 5
(1) 100 MM THK PLATE —=
5
=
z
3 o
L \ E
-

= -

C ommi—
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B Factories - XIV

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

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

© -~

-/_
C

®

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

Fall 2020
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B Factories - XV
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Tag B
g, ~ 170 um CPB TRl
R s
Y(4s)
By = 0.56 (0.43)
/ At = Az/vpc fPCTy = 250 um
Belle
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|:autostato CP

Y(4s)—-

- B° > K X
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del sapore
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BABAR
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C ' + B"—)J!lul(:(n*llt') (a) B“—)J/\ng(n"nl”) (a)

S 400 7 Siof E
£ 200 1 £ s0F —
T R N 1 &8 f ]
g B (b) g e E
g 0.5 3 £ 0.5 =
> 0:\% m i 2 = . ' ]
< SN  § O S =
% -05F :F— 2osE T o+ g
~ = { # E o
1= = = = £
3 4 At (ps) ’ ) At (ps) 2
5
e
Sample —nrSy Cy 5
2
Full CP sample — 5 0.687 = 0.028 0.024 £+ 0.020 5
JUK2rxtnT) —» 0.662 = 0.039 0.017 % 0.028
Jhp K2 (7%7°) > 0.625 £ 0.091 0.091 £ 0.063
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