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Why CPT?

any Lorentz invariant local quantum field theory with a
Hermitian Hamiltonian must have CPT symmetry.

what theory is a Lorentz invariant local quantum field theory
with a Hermitian Hamiltonian?

the Standard Model


https://en.wikipedia.org/wiki/Lorentz_invariant
https://en.wikipedia.org/wiki/Quantum_field_theory
https://en.wikipedia.org/wiki/Self-adjoint_operator
https://en.wikipedia.org/wiki/Hamiltonian_(quantum_mechanics)
https://en.wikipedia.org/wiki/Lorentz_invariant
https://en.wikipedia.org/wiki/Quantum_field_theory
https://en.wikipedia.org/wiki/Self-adjoint_operator
https://en.wikipedia.org/wiki/Hamiltonian_(quantum_mechanics)

Why Kaons?

1956 kaons taught us that Parity is not conserved (Lee Yang Nobel prize)

1964 kaons taught us that CP is not conserved (Fitch-Cronin Nobel prize)

1) History:
202? kaons will teach us that CPT is not conserved (???? Nobel prize)
. Kaons have this beautiful diagram that N e <
2) Opportunity: allow 2"9-order Weak Interaction effects KO W - KO
influence 1st-order W.I. processes d c s
’—\/EsinO g VG cos 0 g

SCTF (or a specialized J/y factory?) will provide billion-event samples

3) Technology: of high-purity strangeness-tagged neutral kaon decays (~100x previous

kaon experiments).



CPT test with neutral kaon decays to two pions
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(complex numbers) (real numbers)
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CPT test with neutral kaon decays to two pions
-- in 3 easy steps --

4 CP parameters 2 auxiliary parameters
(complex numbers) (real numbers)

£ & CAMy AT =TTy >
N

1 measure these and these

2AM,
AT,

2. compare CPT: @, = @y = @, = arctan

3. if they are not equal call Yifeng



two issues

2AM,

1. how valid is the relation CPT: @, = @y = @, = arctan NS
K

2. how to measure @,. (& $pp?) with sub-0.1° precision



review of 60 year-old physics



neutral K mesons: K°, K©

d 3
/ KO: Q=-1/3 +1/3=0 S(3-quark)=+1

=0+ 1 =1

- s d
Q=-1/3 +1/3=0  S(s-quark)=-1

S= -1 + 0=-1

antiparticles

N -

KO:

KO & KO only differ by strangeness; but strangeness is not conserved

TC+
C (sl S (R°|H[K°) # 0

F

-



Some conventions

0
}“ > o } 0> fixed by Maxwell's equations
CP |7TO> — — }7T >

C ’7‘—+> =T }7"_> arbitrary choices ( ‘KO> — |KO>

P ) = —|r) CP|K") = +|K°)



Two-state system with decays

-- Weisskopf-Wigner formulation of the Schrodinger equation --

Hermitian this is not a C®-violating phase
not Hermitian J

] I" accounts for decays
TS H=M -5

Mass matr/ \/ Decay matrix

(K, |HK,)=(K,|M|K,)-4(K,|[lK,)=M,-il; =X,
(K°H[K®) (K°[H[K°)) (M~ T,
— \(Klke) (®OHR") )\ M T,
C(PTsymmetry: M11 — M22 1—;1 =B2 HermitiCity: X21 —_ A[Ql — %FQl _ J[fQ — %FIQ

note that X,; # X;5

with no assumptions about ¢ 7 (\[11 — —T11 Myo — §F12) _ <X11 X12>
My — 3179 M1 — 4111 Xo1 X1

1 Ml
1 M2

2

i By

[\)l«-. NlN.
[\
M|~ N|~

2



find eigenstates (for C®@conserved case)

% % % 5 if CPis conserved
11 12 11 i
Hz( >=>( ) (X971 = X192 =)

Xo1 X1 o X1
eigenvalues:
M = Mg—iT's=X11— 0= (M — Mgz)— (T —T12)
Ao = Mp—1il'p =X114+0= (M1 + M) — i(I'11 +I'12)

eigenstates: ‘Kl (,7_)> _ L( KO> 4 [_(O> )QUWST—%FST

Ky (7)) = = (| KY) — K0>)6i]\/[LT—%FL7-




Decay modes of the K, and K, states

( - _ _
CPJT*>=—1:1’_’> CP\JL'+>JL' >)=+1717+>Jt > (P even
0 0
crat)=-lat) el fat)) = -t ) o e
Gell-Mann & Pais:

OK L 0 0 “...no more than f?a/f

(P even Kl > T JU Or JT JT of all °’s...decay into
ceodd K, ———>n'wx’ or AW

K, —=am < phase space large K, —mnn < phase space small

lifetime is short: 7=~0.1lns 500x different lifetime is long: 7= 50ns
K, = K, "Kk-short" K,= K, "Klong"



Flavor states and mass eigenstates

-- if C®is conserved --

These have well defined
lifetime & mass

CP eigenstates 0 0 exactly 90°
Ky) = 5 (|K”) — |K 1K
K, K,
7
These have well defined A
stangeness -
KO

Flavor States —0 |
K°) = —=(|K1) — |K2))




K° <> KO oscillations with lifetimes (but no C® V)

include decay times Ks(t)) = s Ks(0)) mass eigenstates
Kp(t)) = eMet=3Tet| K (0)
start with K° at t=0: |K°(t=0))= L(|K.(+=0))+|K,(t=0) Strangeness tagging
V2 S L
ny iMot—L . Mot L i
at 3 later time t: |I\O(f)> _ %(ell\fst 2F5't |[\S(O)> 4 el]\th QFLt |[\L(O)>)

use |Ks(0)) L(|K%0)) = |K°0)))  (assuming c®

|K1(0)) 2 (|K°(0)) + |K°(0))) is conserved)
. 1
where: |gj:(t)|2 _ 6—FLt 4 e—Fst + 2€—§(FS-|—FL)15 cos AMpt
the measured (K’ — K"t) = IL|{K°|K°(t))]* = Io|lg+(t)|?
K° and K° rates:

I(K® — K%t) = Io|(K°|K°(t))|* = Io|lg—(t)|*

lo = beam intensity # of particles/s)



K° survival; K° appearance

--strangeness oscillations--

case for CP conserved

o
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C® “tagging” vs Flavor “tagging”



CP “tagging”

usually, a neutral K decays either to nt or tnn

f neutral K> ogo T hes (P
| - or > min ,, ”
tagged” as a K;

nnr has CP=-1
i ntrn® or > nondn® ,,C
tagged” as a K,



Flavor “tagging”

sometimes, a neutral K decays semileptonicaly to either to mev or Tuv

AS=AQ rule

0 -at + A1 — _
KO2>me*v and not wrev KOS ev and not reetv

> ety or > TtV eV or > TV

is “tagged” as a K° (§'=+1) is “tagged” as a K° (§=-1)



The ¢(1020) meson

well above the n*n-n° threshold and only barely above
KK~ threshold but BA¢=> KK )>»>BAd>rtnno)

3 3 ] A A L} ' T T T ] L} L} L] ] L} L} L} I L) :
- B -
= B e+e'_)K+K- a OLYA ¢ SND =
g 10°F ! = CMD *« CMD-2  §
3 2 + DM1 = CMD-3 .
Q=0 w 10°F * DM2 ° BABAR 3
) =1 8 = i Combined =
B e 10 g‘? ‘
C='1 E & : ) > - ¢ oorOhg .
1 1k B '
=- - - .
$=0 3 % y
10-1 E_ i l
PC— 1 -- 2 L - 1 I L { .
J¥=1 10° 1.2 1.4 1.6 1.8 2
1 NS [GeV]

same as photon



neutral K mesons produced via e*e" > ¢ > KK

Ecm=my=1.02 GeV

2 neutral Kaons in a JP¢=1- state

" J=1: must have L=1 (P-wave)
" P=-1: (-1), (-1)¢ (-1)p.wave

only KK has C=-1

at an e*e” “¢-factory”:
ete > ¢ SKK,




neutral K flavor-tagging with hadron beams



The CPLEAR anti-proton experiment at CERN

p beam stops in a H, target &
annihilates = K°K*n~ or K°K'rtt

CPLEAR Detector

im

= Dnft chambers
Beam mg‘nmor ‘IS/atm H, tamet

200 nﬂexﬁh}l-é;EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEQ%EEEE;E?:EEST"l : 1 .
R ‘

] W““““‘ﬂ] L

Proportinal chambers

Stleimertubes
- Cetenlowandsaczlmlllaworc-oumels -
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Flavor-tagged production & Flavor-tagged decay

An example of a CPLEAR event

Ko(t=0) — KY(t)

pp>KIK—=*

or
>KO K+ 7

Production:

pp —IK_m”

KO




J.Nl"e“l- - i\" e

A’Te+ + N e—

asymmetry

&

o
N

o
o

-0.1

K° < K° mixing in CPLEAR

l"]'l’tl’ll[lliiiillillIIIII]TITIIIIII]IVIV

New = Ne= _ I(K° — K% 1) — I(K° — K1)

Net + Ne- — I(K° — KOt) + [(K° — K9;1)

1 1
e 2(TsHTL)t cog AM et

o Dr '
PK")=P(K )

fit for AM = (3.48 + 0.02)x1012 MeV o~

ke

.
llLlJlLljlllllLllllllllljllljllljlllj

2T, 4T, 6T, 8Ty 10T, 12T, 14T, 16T, 18T, 20T,
Ts= 1/T's= K, lifetime = 0.0895 ns

L | L L
800

1000
proper time (ps)



Flavor-tagged production; CP-tagged decay

K>

l

13 Me V4?2
(6 —10) ps

q
2

3 proportional

chambers . |
cherenkov scintillator

K°(t=0) — CP=+1 at a later time=t




KO (K°) at production vertex; w+n~ at decay vertex

& KO(t=0) = "
® Ko(t=0) = n*n~

10°F

104k if CPwere conserved

C®violating effects

103:—
; are important here

102

10

—lllllllllllllllllJJJllllll lllll -
2T, 4Tg 6Tg 8Ts 10Tg 12Ts 14Tg 16Tg 18Tg 20T

1= 1/I"s= K, lifetime = 0.895 ns



Let’s put in some numbers

AM, = M, - M, =(3.48%0.02)x 102 MeV=0,,

i ) ) miracle #1
Al =T —-T,=———=(7.2840.01)x10">MeV ~ — 2AM,=DT
TS TL TS
AM 0.5
—=048= 0w, ~—
A T
0.5
a)K Tl'—Oscillation = —];—Oscillation = 2” = Tlv—Oscillation = 47[ | TS
S
et/ts; 1 0.05 0.0025 104 6x10°
K’ | [K° 0 K] [K°
0 |7 k) lRY )T R o
! ! ! ! l—»
0 =TTs = ZTCTS = 3TCTS = 4TCTS



Discovery C®Pviolating K,>n*nt~ decays



m*t “invariant mass”
4

2

M(r'T) = (EpuE,. ) (5. 45,

21 decay: 3-body-decay:
AN . . Ty
pi Tt P Ps P ]/,,-/'
K, beamline Ny _~_»md(undetected)
> p Al N
’) — "_,":' \\\ o ﬁ‘l + [3
NP ; $
. e

see backup slides for
more information about
the experiment

5211 K, =» nt* + v candidates remeasured on a
commercial bubble chamber measuring machine

M(mc*t)<M(K,)
484 <m* < 494 g
= .-J‘{L"ﬂnwk‘a T,
M(r*t)=M(K\) 30
Ko—= 77 e
K;_ - ol m.\uo—'z‘f g
X/o +20 ﬁ
[W«r-] e 310D .
494 < m*< 504 L E
T =10 B ®
) >M(K\)
QUSSMT <D I4 +10
ALy il
0.9996 < ~~~= - ~gog ;;wé_gs |.ooc§o
L COSO . 7« oo /1B IPosnd



VoLUME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JuLy 1964

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

J. H. Christenson, J. W. Cronin,} V. L. Fitch,¥ and R. Turlay§  only 4 authors!
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

We would conclude therefore that K,° decays to
two pions with a branching ratio R=(K, =77 +77)/
(K,° -~ all charged modes) = (2.0+0.4)X 10~% where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,°, The presence of a
two-pion decay mode implies that the K,° meson
is not a pure eigenstate of CP, Expressed as



Result

Bf(K, »>n'nm")
Bf (K, —charged particles)

T

these are not the same quantities

|

2020 World Average (PDG):  BF(K,>7tn™) = 1.967 £ 0.010 x 103 =1/500

1964 experiment:

=20+04x%10°  =1/500



Hamiltonian operator with C®violation

Hermitian

.
H=M -— -- now we will include decays --

<Kj }H‘K) =<KJ‘M‘K1‘>_%<KJ |HK> =M;—3I;=X

{<K0H’K0> <K0‘HK°>]_(MH—§:FH Mu—g:rlz]

(K°lH|K®) (K°|HIK®))

ceTsymmetry: M, =M,, 1, =1 Hermiticity: Moy — iI'91 = M5 — %F’{Q

*
X1 # Xp2

with no assumptions about (P H — M1 — %Fll Mg — %F12 . X111 X129
M{5 — i1y My — iI'1q Xo1 Xq1



Schrodinger’s Equation

-- allowing for CP violation and including decays --

— — 3?2 — * i
here | conform to X21 - ﬂK”—)I?O =p (_ M12 - 21?2)
standard notation: _ .2 _ i
X, = Azo_ o =14 (— M,, - 51_;2)
Schrodinger’s i
. o (t
equation H”d)(t) — B ?ﬁi )

. (12 l)\z
assume solutions of the form: ¥(t) = ( bz-) et

solve for eigenvalues/states; X11 —'ti i \ i)t .0 [a; i\:t
.9 et = —1— et
—ip* X111 b; Ot \ b;

(h=1) *
Xi1—XNi  —ig?
= ( —ip? X111 — /\.i)



1 =1:\g
1 =2: )

Solutions for y(t)

. 2
eigenvalue Xll o ;l’i —lq

equation: 2 — O Xll = MK _éFK
—ip Xy = /li
i eigenstates
eigenvalues
— . _l
Xyj+ipg = Mg — iTs  |Ks(t) = —iey (p|KO) + | KO) )eiMstm3Ts!

V2 +42
X111 —ipq = My — 1], 1 (p ‘KO> —q |K0> )ez’]\/lLt—%FLt

\/102+q2

As — A, =2ipg = (M _ML)_%(FS -I)

if p & g are not equal (i.e. CPis violated): K¢z K; & K, #K,

complex Zumbers



Solutions for y(t)

mass eigenstates: flavor basis

‘Ks(t» _ p21+q2 (p KO> + q K0> )ez’]\/lst—%Fst
K1) = p21+q2 (p KO> g [—(0> >6i]\/[Lt—%FLt

Flavor - (®eigenstates: ‘KO> = %( ‘K1> + |K2>)

[K) = %( |Ky) — |K2))
Ky) =2 K+ 251K, )) = () el )

K,)=1r(Ko) k) = e (Ka)+ek) | F7 g

the Kl@w decays to -

mass eigenstates: C®@basis

P—q




K; & K, are not CPeigenstates

Ks) L (|K1) + €| K2))

Ki) = 1i|e|' (|K2) +€|Ky))

=1/500 again
K1) # |K3) it has a small (~0.2% ) admixture of |£1)

and |Kg) has a similar admixture of | )

this means that My — 'y + M{, — il'}, i.e., C®Pis violated



What is €7?

If <7T 7T_|K'2> =0
good approximation, A(KL — 7r+7r_) - P(KL —m W_ <7r 7r—|KL>
but not exact = 1+| <\/"ﬂ><|@> +e{mtm |I&1>

= me <7T 7y |I&1>

A(Ks—>7r+7r_) = <7r 7r_|Ks>

= Ll ~({mFm |A1>+e@<|/1\r>

= Jas (nm |I‘1>

AKp — 7t ,
€ = (KL «— amplitudes,

A(Kg — mtm—) ..not branching fractions




put in numbers

"partial widths" br'anf:hm?
fractions

JAKL — 7777 (K —»7tm) B(Kp — m+m— )T B(Kp — n+m=)Ts
€] = = = =2.28+0.01x 10
A(Kg — 7+ ['(Kg — ntm—) B(Ks — n+1—)I's B(Kg — ntn—)r, -4%40%0

from PDG 2020:

L 4 nearly the same as BAK > ntr-),
Bf(K,>m*n") = 1.967 £ 0.010 x 10 a coincidence due to similar values
Bf(K$9n+TC‘) =0.6920 = 0.0005

Of BﬂKL%TC-FTC_), TS/TLI & E.
7.= 0.08954 + 0.0004 n

S} ./7,=1.75 + 0.01 x 103
£=51.16 +0.21 ns



The K.-K; meson system is weird!

-- unlike any other particle systems--

— The K & K, are not each others antiparticles
-- different mass and very different lifetimes
-- K° & K° are particle-antiparticles; K, & K, are their own antiparticles

— In fact, neither the K nor the K| have antiparticles

L ClKs) = C([K1) +e€[K2)) =
C|Kp) = C(|K2)+elKi))=—
— The K & K, are not even orthogonal

- (Kg|Kpr) = ((K1| +€|K2) ) (|K2) + €|K1)) =2Ree #0

these states
do not occur
in Nature



neutral Kaon system: 3 different basis systems

KO-K© These have well defined

strangeness
Flavor States &

These have well defined
C®Pvalues

KK,

C®Peigenstates

not the same!

I(S-KL

Mass eigenstsate

These have well defined
lifetime & mass

if E£0, the K & K, mass eigenstates are not orthogonal
-- Lee, Omnes, Yang, Phys. Rev. 106, 340 (1957) --



Let’s look at €:
definition of &

o P4
P+q

rewrite €in terms
that we know:

iImM,, +ImI;,

o (ML _MS)_%(FS _FL)

this is the key relation in this talk

what we know about p & g
—ip® = (Ml*z —%TIZ) =p'= iMl*z —%sz

~ig” = (M12 _%Ez) = q" =iM, +3T,,

As— A, =2ipg=(M;—M,)—5(T;-T})
=2pg=i(M, —M;)—5T,-T,)

2 2 2 2 2 2
P-4 P-4 P4

E=
(p+q)*  4pg+(p—q)°  4pq
— 2
(p—q) ~ € < small
p’-q¢°  —2ImM,,+iImI},

4pqg  2i(M, - M) -Ty-T,)



Some comments

H = Mil_%riz Mlz_%riz
M12 2112 M11 — 51_;1
ilmM,, + 3 ImI},

“TM,-M)-1(T,-T,)

Latest numbers:

Bf (

K, »>n'n)

Bf (K, —all)

n.|

_AKK, o)

A GO

=1.97+0.01x1073

~lg[=2234001%107

C®is only violated if the off-
diagonal terms are different

Herm|t|C|ty M21=M;‘2 & r12=r§"1
C®V only driven by complex phases

C®V is very small, ~103G¢?, far from
the maximum that is possible
(unlike @and Cviolations)



What are M, & I',?



virtual & on-shell K°-K° couplings

short-distance

. S
non-zero ImM,, would imply — u,c . d _
new heavy virtual particles KO W4 wE KO
«— b &
d u,c S

--"Mass-Matrix CPV”--

: long-distance
. iIm M ))+§ ImT; .

non-zero ImI’;, would imply
A(K°>T1tTT) 2 A*(KO>TTTT)
--"Direct CPV"--




Some notation/terminology:

Im M9 + %Iml“lg B Im M9 + %ImFlg

€ = . = .
(ML—MS)—%(Fs—FL) AM—%AF

- A(Kp —»nta)
= A(Kg — wn™)

A(Kp = 70+ 7Y)
A(A’S — WOWO)

100 —

Noo ~ 14— <~ €

almost --but not exactly-- equal



phase of ¢
-- the ”"Superweak” phase --

(ImMq9 4+ 1Iml'y9 tImMqo + ZIml'y9

€ — —
(Mp, — Mg) — %(FS —I'p) AM — AL

Im M9 ImAMq9 S

: -0 — _ = Al'/2 + 1AM
it Iml’;,=0: AM — tAT AT'/2)%2 + AM? (AL/2 +1 )

real numbe
I‘rm g
2Am =M
$sw = tan " N 43.30° £+ 0.16°,
T ¢SW\*§ Re
AT'/2

using PDG values



measuring the phase of 77,



KO -- K° basis states with C®2V

|Ks) = m(|K1>+€|K2>) = m((lJrﬁ) K% +(1—¢€) |K?))
K1) = S2(K2) +elK1)) = ot (14 ) [K7) = (1 - ) |K7))
solve for Kand K°  |K°(r)) o (1—e)(|Ks(r)) + |KL(7)))

(L+e)(|[Ks(r)) = [KL(T)))

strangeness-tagged K° and K° K5(0)) (e—i(MAS—%Fs)T) |77+—|KL(O)> (e (Me=2T)T)

{ \ \
KO _y 4o (1) > x (1—c¢ ( Ks(T)) + 14— KL(T)>)
)

KO — 7tn= (1) (1)) o (L+e)(|Ks(r)) —n+— |KL(7)))




K° (K°) =>7*nt~ vs 7at CPLEAR

Use favor-tagged events that decay to win~
CPLEAR Detector

1

\ Magretcoil /
N Y

| S I B 1| 1 1 e S 5 S S R

Electromagnetic calorimeter

pp>K-7* K°
or n

ecalorimeter
] Drift chambers . Lim
Beam montor 16 atm H, tamet
J - = L
200 h;eV!c ; T \
h ~= 51| 1
Proportional chambers K 1 471* T

L Stfeimertu bes g

Cemnkov and seintilltor counters

o o(Mge) =~ 13 MeVi?

\ ~ a5 i
e Jpropom’mmN‘,\__,/ " o, ~ (5—10) ps

chambers \
cherenkoy scintillator

K°(t=0) — CP=+1 at a later time=t




Time-dependence of K(K°)>m+nt-

|I&_’O o 7r+7r_(7')> x (1-— 6)( |Ks(7)) +ms— |KL(T)>)
KO — 7777 (7)) o (L+€)(|Ks(7)) —nse |KL(7)))

|

ey

(
(

-
T

)
)

] x (1F2Re(e))[e™ T + |ny_|?e 1L7

+ 2|77+_|e%(PS+I‘L)T cos(AMgT — ¢4 )]

- \

- \\

- \ ﬁ(& ‘

: 1 I L 1 1 | 1 1 1 I 1 1 1 [ 1 1 L I 1 l 1 l 1 1 L l l\l 1 l 1 L 1 l 1 1

10 12 14 16 18 20

Neutral—kaon decay time [7¢]



Phase of (n,.) from CPLEAR

R(T) — R |

Ay (r) = RO = HT)

R(7) + R(7) ? ol

iy |30/ I cos(Amr — by )

= —2 1T 1 | 12 (1 /7rc—7/70.) | 0.2 f

I+ |=(2.264+0.0234;5 +0.026,,, +0.007,, ) x 103

i S S R T R VR T TR T

i —=43.19 ’ 1+0.53 ) stat 10.28 osyst +0.42 ’ Am Neutrol-kaon decay time (1]

CPLEAR Phys. Lett. B458, 545 (1999)



big question 1

CP odd (P even

o’ or n°n°x°
C® odd (P even

Is there a direct decay K 44 to '~ or ont0?

i.e., differences between A(K° = ©tt) and A(K® = ©tr)



N,.and Ny, with direct decays

direct CP?
| _lww i) _(ewlai) el k) (vx bk
k)T e K e K,
direct CP?
_(a'n°|H|K,) (2'z°H|K,)+e(x’n°|HIK,)  (2°x°|H|K,)
tho = (n°n°|H|K,) (n°x° |H|K,) —eT (n°z° |H|K,)



direct K, >nrt effects wtn & n¥=° differently

since we use CP(K%)=+K°

express Ko(K°)>nn (mm;l =0|H|K®) = Age™  (mm;l =0|H|K") = —Aje™ §:T&pi2 - “;‘h?}:‘s’@
. ) | B _ _«— inf.phase shifts;
in Lsospin states (eI =2|H|K®) = Ae®  (mm;I =2|H|K®) = —Aje™ same for K0 & RO
l?ebsch-Gordon coeflf}cients
7l'+71'_> = \/g|7m;l =0>+\/g‘7l'7l';l = 2> ‘750750> = —\/g|n'n';] =O>+\/g|77;77;;] = 2>
<7r+7r‘ |H]K2> = ﬁ[(n*n‘ |H|K°> + <7t+7t‘ ]H]I?°>] <7z°7z° \H]K2> = %[(n“no ]H|K°> - <7r°7:° |H|I?°>]
= (V34 - Ape™ +[5(4, - A)e™) =& (+/5 4 - 40)e™ - 2(4, - A))e™)
=iy3(vV2ImAe™ +ImAe™) =iy} (+ImAe™ - \2ImA,”)
Imp, (m'7|H|K,) = \2(V2Re Ae™ +Re Aje™) (n°n|H|K,) = 3(+Re Aje™ - \V2Re A,e™)
Ortan

The “Wu-Yang” Physics is in the difference between A, & A, phases. It is customary™ to chose A, to be real

phase-convention

<”+75— ‘ H‘ Kz> - i\/% Im A,¢" <7r°7r°‘ H‘ K2> =-i\/§ Im 4,¢”

(w7 | 1| K,)= %Aoe"6°[1+Re—1426i(525°)J (n'n’| H|K,) = %Aoef‘%[ 1-—61‘“25‘52%}

V24, 4

0

*T. T. Wu and C. N. Yang, Phys. Rev. Lett. 13, 380 (1964)



(w'n | H|K,)= i3 Im 4,¢" fr°ms"|’ir::i°”s )
<7z°7z°‘H| = -i\/ZImAQe'Z

<7r+7z“H‘ $4e™ ( ReA2 1 6] J2Re 4
e e | Dt

AN 4
define: =L%ei(52_5°) w:Re_Azei(é‘z—%)
V2 4, 4,

<7Z'+7Z'_‘H‘ _/ \<7Z'O7Z'O‘H‘K2> ¢
<7z n ‘H‘ I+t <7r07r°‘H‘Kl> 1=
Al=1/2 rule > |o|- szz ﬁfi :ZZ;: _ /222(;212225
(z°n"|H|K, . (n'z’|H|K,) .
<7Z+7r_‘H‘ K1> <7r°7t°‘H|K1>

n. =&+ 8’ <€— different —> nOO = & — 28,



’

e =
V2 4,

09 — 09 = —47.7° & 1.5°

G. Colangelo, J. Gasser and H. Leutwyler, 7 scattering, Nucl. Phys. B 603, pp. 12!
(2001), doi:10.1016/S0550-3213(01)00147-X, arXiv:hep-ph/0103088.

Phase of &’

- 1.5°

¢€/:52—50—|—g%42.302

2A
bsw = tan A—;” — 43.30° +

0.16°,

PDG 2022

not to scale:
|e'/e| =1.7x 1073




Miracle #2

¢ and € are parallel
(to within ~< 1.5°)

phases of n,. and 1y, are insensitive to
to uncertainty in the length of ¢’




Big question 2: is the phase of ¢ really ¢,,”

_ (ImMyo + 1Iml'q9 _ tlmMyp 4 3Iml'yo
- (Mp—Mg)—i(s—Tg)  AM — AT
Im M9 ImAM19

if ImI';,=0: —

AM — ;AT ~ \(AT/2)2 + AMZ)
real numbe
2Am
¢sw = tan™" = 43.30° £ 0.16°,

can we really ignore Imrl';,?



Big question 2: What is the ImI",,?

these are alll
_— on-mass-shell states

ro) =L -

ip =Y (K°| Hyf;) (f5| Hu |K°)
J

in terms of the

Ks & K, basis Ti2=) (| {fil Hu|Ks)|*~ | {fil Hw |KL) |* —2iIm ({f| Hw |Ks)" (fj| Hw |KL))
j /
ImTp =2 Im((Ks|Hy |f;)* (f;j| Hw |KL))

J

have to consider decay modes common to K5 and K



Relevant K decay modes

mode Branching fraction comment

- 69.2% CP conserving (real)  CP violating (complex)
} 0.95 (K| Hy |m71=0) + 0.05 (K| Hyy |TT1=2)

V70 30.7%

TE+TC—Ynon-brems 1.8 x 107

o 3.5 x107

V7070 <2.6x108

a7 7 -
mety 7.0x10 AQ=-1 (K|H,|r 0ty  (KiHa=t1v)
v less than mte¥v | AQe+1 (KHale ) (K| H,|rtey) T AS=AQrule

AS=-1 AS=+!




C® violation in K>’ decay?

analog to the K,>t'n~ discussion the K, component of K can decay to n'nn°
What is the expected rate?

" ? JA(Ks — 7r+7r_7r0)|  |B(Kg — o707
4= |A(K, = n+n—m0)|  \| B(K; = n+7—70)7g

=2.28 £ 0.01 x 10°3?

?
B(Ks — ntn~nY) '=)6|2T—SB(KL — 7tr~1’) =10°

from PDG 2020: TL ‘\ '\

Bf(K,2>m*nn®) = 0.1254 + 0.0005 x 103 ~(5x10) x (2x 103) x 107
To/T,=1.75+0.01x 10°

100x larger?

PDG 2020: K% DECAY MODES
Mode Fraction (I';/T) Co
Hadronic modes
rna%x°

(30.69+0.05) %
[‘2 7T+7T_ Q201005 0
+

3 ata 0



C®of the wrn—n¥ system revisited

L=0
+ - 145 (I 4 - 0 %
CP(IJT >.7T >‘.7T >)— I‘LJ: T >.7T=0> (P odd

only true if all 3 pion pairs are in an S-wave, i.e. =0

JT_>‘JL'O>) = —I‘L ﬁj} (P even

if aII\3 pion pairs are in P-wavej.: CP=(-1)3*1=+1 &= (C®Peven
|
strongly suppressed by "centrifugal barriers," but not zero (~100x expected C?V level)

cr{)

Experiment: Phys.Lett.B 630 (2005) 31

need to do Dalitz plot analysis of Ks>31 & K,>3n interference. See: Theory: Phys. Rev. D 46 (1992) 252

Measurements of SM CPV effects in Ks>n'n—n® are probably hopeless




Measuring K.=2p*pp°

current best results from CPLEAR: time-dependent K0 p*pp®— K° = p*pp° differences

0.2 _Ej_p*p'po K> p+p-p0 Re dp+p-p0 X A, o(X>0)- A, o(X<0)
0.15 E Auo™(X > 0) CPLEAR + + Im a0 X A, o(X>0)- A, ((X<0)

/l-: ’: 0.05
o
:‘: :t: a A
N
k k-0.05 -
+| +
© KOSk -0 & T S R B S | O N L NN WO AU W | s o G, OV o] WV S
| ' 2 4 6 8 10 12 14 18 1318 20
| _+_ Neutral Koon decay time 7/7
Tle %% |
~ E -p .
- \_;k 015 £ Avo™(X < 0) CPLEAR + ]
- ) { T
N 2
0.1 s + . T
S S I *
SHet o Elt# ot A RN \ Q..
e 00 B eS¢ + * e
-0.05 | 'Q
_0' £ adan o b voa | oa g 4o N R BRI R D P S BVt .
’ 2 4 € 8 12 14 16 18 20

10 .
Neutral Koon decay time 7/7; X=\/§(T+-T_)/Q



What about the semileptonic decays?

mode Branching fraction comment

- 69.2% CP conserving (real)  CP violating (complex)
:|‘ 0.95 (K| Hy, |mmr—0) + 0.05 (K| Hy, |7m1=2)

nOr! 30.7%

T T Yronbrems 1.8 X 1073 ~CP conserving (real) to >1 part in 10*

o 3.5x10” mostly CP conserving

V7070 <2.6x108 entirely CP violating

a7 7 -
mety 7.0x10 AQ=-1 (K|H,|r ttv)  (RiH=t1v)
v less than mte¥v | AQ=+1 (KHHale D) (K| Hy|rtew) < AS=AQrule

AS=-1 AS=+




SM violations of the AS=AQ rule

-- immeasurably small --

2"-order Weak-Interaction

AS = +AQ




from an earlier slide:

multiply and divide by (j| Hw |Ks) use B(Kgs — f;) =

some arithmetic

ImTyp =2 Im((Ks|Hy |f;)* (fi| Hw |KL))

J

| F H, | K .
tan @r,,= o1 Z Ul | ‘L>B(h5 — j) = Zlm o

Qg

(S

=17j

]l H., |I\S>

K,

Hy,
: Hw

B(Ks — fj) =n;B(Ks — f;)

K



calculate phase of I '}, term-by-term

dominant mode:
K=>7m (1=0):  Wu-Yang phase convention (K°| Hy, |77—0) (m71—0| Hw | K°) is real

sub-dominant mode’ phasei¢sw A1=1/2 rule
K27 (1=2): Olpyn— 20050=(N—M00) BAIKs 2 1tTt,2) = 3 Bf(KsDmm,,) = 3e'><5(1,—0 ~3x10°
other modes experimental values
Qg = 10 ((0£2) 4+4(0 4 2)) x 10~6 CPLEAR
Q_0.0.0 < 1.5x107% «ioe
Qv ((=0.14£0.2) +i(—0.1 £0.5)) x 1075 cpLear

> Imo; < 5x10°

Ir Dat:
8¢, =2 |7 " — psw < 0.1°




These limits can all be improved with 102 J/ys



difference between ¢, & ¢, in the SM

Bf(K>mnn® (CPV) = 109 Olroromo = 107 } here | assumesd
Bf(K%TCOTCOTCO (va) ~ 2X10'9 an+7c—7c0 ~ 2X10'7 77 3r =& 3n/8 <1
<]f| H.,, |7T(1’1/>* <7T.€I/| H,, |[§'> =0 < AS=AQ rule
~ -7
Pr,~ 3 x10

& SM _ 1 (11°
A@, zﬁg: gbg — QSW ~ 0.01




Neutral Kaon system without a CPT constraint

0 0 0 70 i i
M..2M,, & T..z0.: K — [(KHK) (K|HK)| (M,-3L,  M,—iT,
11 22 11 22 {<K0|H‘KO> <K0‘H’KO> le _%rm M22 —%I;z

. X —ip2 a; I T od a; i T X11 — >\z —in a;
sovodingersam: (53 527) (1) - (D) = (M ) (3) -
~1+8 =1-6 es=e+d

Ks) = (pV1+25|K°) +qvV1 —25|K®)) =(1 4+ cg) | K°) + (1 —eg) |K°)

KL) = (p/1—26|K°) —qv1+25|K°)) = (1 4¢c1) |K°) — (1 —eL) |K°)
eL= e-d
(A{I{'O — A[AO) — z'(l“,;'o — PK'O)/Q

2AM — AT

<KS|KL> = 2Ree —2¢:Imo

6:




Miracle #3

@Mm@ (Mgo — Myo)y—i(L g0 — T'0)/

AM- AT AN AT

this term and  this term
differ in phase by 90°

i(Mgo — Mpgo)+ ('go —T'go)/2
2/ 2A M

— (i61 + §)e'?sw

%¢sw

0




effect of Son ¢,_(d,,)

short-distance physics

S u,c d
| : ] '

long-distance physics

KO ) le ——\ iWi_K0
d u,c 3
5 ~ i(MKO — MKO) + (FKO — FKO)/2€i¢SW

2v/2AM
= (101 + 5||)67;¢SW

d,=(f..-fswle

@,.: maximum sensitivity to
short-distance physics

Im

(dgo still equals ¢, )



Wu-Yang Triangle with
indirect + direct CPTV

(rm; 1 = 0| Hy |K°) = (Ao + Bo)e™
(mm; I = 2| Hy KO> = (As + Bg)ei‘b
(rm; I = 0| Hw |K°) = (Aj — Bj)e™®
(rm; 1 = 0| Hw |K?) = (A5 — B3)e'?

- Wu-Yang phase convention: A, is real
but not B, or B,

- Re By/A, common to mttn~ & mord
— & gets rotated: @29,




Phase Of (n+-) from CPLEAR CPLEAR Phys. Lett. B458, 545 (1999)

R(T — R(7

AL (7)== ) )
R(t)+ R(7)

04|30/ ) cos(Amr — ¢, )

_2 2 ‘
L+ [ [Per/ms=r/m

7+ |=(2.2640.0234454 £0.0264y5 £0.007,,, ) x 10~

s —=43.19"10.53 454 +0.28 5y £0.427 5y

in good agreement with the "Superweak phase”

wew=arctan[2AmAI'|=43.50"+0.08"

Asymmeltry A,

0.5

0.4 F
03 F
0.2 F

0.1 ¢

0

0.1 F
-02 F
-0.3 b
-04 F

-0.5

2 4 6 8 10 12 14 16 18 20

Neulral-kaon decay time [1,]



VALUE (°)

EVTS

d,with PDG 2022 averages

¢+-. PHASE of N4—

DOCUMENT 1D TECN _ COMMENT

43.5110.05 OUR FIT Error includes scale factor of 1.2. Assuming CPT
434 05 OURFIT Error includes scale factor of 1.2. Not assuming CPT QSSW — tan—

429 +06 +0.3
429 +08 +0.2
414 +09 +0.2
445 +16 +0.6
433 +£1.0 +£05

70M

L APOSTOLA... 99¢ CPLR KO-KO asymmetry
23 SCHWINGEN...95 E773 CHy 1 regenerator
34GIBBONS 93 E731 B4C regenerator

5 CAROSI 90 NA31 Vacuum regen.

6 GEWENIGER 748 ASPK Vacuum regen.

12Am:

AT

d, ~(f,.-foy)e=(0.4 £ 2.0)x 10

43.30° + 0.16°,



This was a “bottom—2>up” approach to CPT

Most theorists use a top—>down approach
Jack Steinberger called the Bell Steinberger relation John Stewart Bell

——Y

/
1921-2020["

1928-1990



Bell-Steinberger relation

Schrodinger eqn:
(1) = 0T |Kg) + B ™7 [Kp)  (lal* +167 = 1)

|L‘(7‘)‘2 — |Qﬁ|2@_FST 4+ |,‘8|2€'_FLT 4 2Re (le*_,igé’._%(FS+FL+22.AAJ)T <I{S|I{L> ) — |w(0)|26—rtot7

(7))

dr

o |Q’|2FS - |,53|2FL + Re (az*l‘B(FS +1'p +2¢:AM) (I{SU(L) ))\

7=0
must be true for all values of a and b

(laf* + 15 = 1)

unitarity:

_dy(r)?
dr

=T = er = Z\ (fil1(0)) 2

T =

dly(7)P?

dr

= "la(fi|Ks) + B (fi|KL) |?
J

7=0

— 3 ol {1 Ks) 2+ 18P (f51KL) 2+ 2Re (B8 (| Ks) (fi]KL))
J



Bell-Steinberger relation

Schrodinger eqn: | , ,
O(1) = ae™NT | Kg) + fe” M7 K (la]” 4|57 = 1)

|L~(7-)‘2 — |Qﬁ|2€—PST 4 |_,8|2€_FLT 1 2Re (a*.’ige—%(rs—i—PL—l—QiA]\fI)T <I\,S|IX—L> ) — |w(0)|2€—rtot7

dY(T))?

dr

= |a|’Ts+|8]°Tr +Re (a*B(Ts+T'f +2iAM) (Ks|KyL) )

7=0 l

unitarity: (Ts +TrL+2iAM)(Ks|KL)) =2 Z (filKs)" (f3|KL)
dw T 2 | /£ 1o\ | 1 J

_ | d(T)‘ . =it = zj:rj — ;| WAL 2
d|(7)]?

_ |,d(7>| - Z o (£ Ks) + B {f5|Kp) [

- Z la|?| (£|Ks) > + |87 (f;1KL) I? + 2Re («*B (£;|Ks)* (f;|KL) )
J



Bell-Steinberger relation

(Cs + T+ 2iAM) (Ks|KL)) =2) (f;|Ks)" (filKL)
(Kg|Kp) =2Ree —2iImé

> (filKs)™ (fi|KL)

thisisit: | Rec —iIméd = o+ T, 4 2AM

”Of GS-FL!

>jQ  COSPsW )

1 +itandsw eiPsw

v




Bell-Steinberger deconstructed

PDG2022 MW 95% CL

05 68% CL top — + -5 full BS analysis
— T Im d _(03 - 14) x 10 (reviewed in PDG)
= down
é 0 sin fSW=1/V2
=

~ - — -5 fr-and fsw
05 bot@' dJ_~(f+- fSW)e - (04 - 20) x10 comparison
().I‘55 . ()“Iﬁ ‘ ().I165
Re(g) (107)

2D

--d, = e(f, (or foo) — atan D—éw)
my interpretation of BS :

-- corrections to this are small



o . BESIII
Experimental issues: - designed in the 20005 -

RPC: l:u_\'cr\ .*—t:_?“*\‘,“ ...__‘_"")'. RIPC: 8 layers
CPLEAR: best experiment to date sy
with strangeness-tagged K & K —— Nk
-- designed in the 1980s -- . A
TO
barrel \
Magnet coils Al Supgon rings / o8
-'I-"-I Electromagnetic calorimeter end cap
— ] S‘.(‘)
Drift chambers ] 1
’:] Beam m{nitor 1GBar H, targst
200 l\;oV/c ;,' E} ) =
)\ Pro&om‘onal chambers { B
Streamer tubss - ‘: | -
cu =222 11
= = = end cap
cl
barrel zzzzzzz BN,
S | L 2 B r B e .



CPLEAR: pp > K*mK°/ K-m=KP STCF: J/w=> K*w K%/ Kt=K°

n+

ST

E... 1.877 GeV

CPLEAR is 60%-sized prototype

Ecn3.097 GeV



Evenis/0.257,

100

.

107}
3
3

CPLEAR: ~70M tagged K%>m*m~ events

L - ' oh
<
‘::' 0D 4
£
------- E 0.3
.
s
o
. .)

18 20 2 & 6

Neutrol—koon decoy time (7]

1+ |=(2.26440.023445; £0.026,5 +0.007, ) x 10~*

s =43.1971£0.53" 454 £0.287 5y £0.42°7 5

‘_‘; - 0.5 | AP IR SPEPETEN EPRPEr BTSPEP EPErEr BT PR BT

8 10 12 14 16 18 20

Neuirol—koon decay lime [Tl



weight events according to “usefulness”

Ared (T):A+_ (7‘) X 6—12(1’5 —I'y)7

'
]
|
'
'
'
[
L]
'
'
'
'

<« T AM

phase measurement

sensitivity |s highest here (2Ts~8(Ts)

P 1...|...|...|...1...51...1...1...1...
01 2 4 6 8 10 12 14 16 18 20

Neutral-kaon decay time [T_]




Number of events

BESIII (first peek) vs CPlear (10 years of data)

Flavor-tagged K° and K° decays to -

6 r—r T r T 1 T r°

CPlear 10 . BESIII
from Jian Yu Zhang .
0 ! —K'n“KS

"""""""""""""""""""""""""""""""""""""""""""""""""""""" ~10*e e
o .,
E'l 03 ) ertex finding/tracking
IS I T
2107
Ll
! i 10 e
| 1
. o . S . . . . | L d .
2 4 6 8 10 12 14 16 18 20 0 5 10 15
iNeutraI-kaon decay time [t.] T/TO (To — 0.8954 x 10-10 S)

CPLEAR measurements had about 7x as much data as BESIII has



SCTF with 102 J/y events

-- from Jian-Yu Zhang --

E $ K2 2 0.5 x*/d.o.f =0.7
—0 ] B

[, tK

! (b) = 0

: Y , Or

= %9“9% . <

; &,

: ", : 05 |-

E s

— l | | | | 100%0% | | 1

0 2 4 6 8 10 12 14 16 18 20 0 5 10 15 20

Neutral kaon decay time (tg)

~30x as much data as CPLEAR had = 10x reduction in errors

Par. [n4+-[(1077) ¢+ (degree)
PDG 2.232 +0.011 434+ 05
STCF  2.2320 £ 0.0025 £ 0.0027 _ 43.510 = 0.051 & 0.059




how to get more J/y events:

1. factor of ~2 by re-optimizing the lattice to E,.,,,=1.55 GeV

BEPCII lattice design is optimized for the y”’

<102 BEPCI 1-U VS BEPCII

b \\ 3 ‘g
o 8x 10 ‘e ® Y
I
- \
5 | e %%
2 6x10%} ‘J
7 o‘ \
BESII: 109 evts/month = _ ® '3
@ ~4x1032 cm2s1 = 4 10%t ‘o
o, - o
2x 103}

A " . '
2.0 2.9

Beam energy (GeV)



[, =

ynply

2er, [,

& H

SCTF parameter list

luminosity

B R 1 v SEPCI

Circumference/m

Beam Energy/GeV

Current/A

Emittance(e,/gy )/nm-
rad

B Functlon @IP

Bx/ﬂy /mm

9)/mrad

Hour-glass Factor

Luminosity/x103°cm2s™

2

5/0.05

100/0.9

2
2

5/0.05

67/0.6

60

0.08

0.8

~1.0

2X

4x
2.5x

2X

~40x



Monochromater: factor of 10 from reduction of e*te- CM spread

r J/Y production cross-section Xiaoshuai Qin
5‘ J [ [ [ [ [ [ [ [ [ I
k=) | 6E, =0 keV: a;/»=90000 nb
© 80000
c ] J/¥ width: 92 keV
E E E i
55 =0.7 MeV BEme=0.7MeV 60000
only e*e" pairs with E_,,=3096 + 0.14 MeV -
can produce a J/y, ~1/30 of the total -
introduce dispersion 40000— W OE/ms=57 keV:  0;,,,=41000 nb
higher energy I _
ower energy
s+, E+AE i} i
- - : ) k b ( )
E;ms=1100keV: a;,,=3400 nb (BESIII
| E-AE y E+AE 9— A | ——— I/
ower energy igher energy 004 3096 3008
—_— o—é—
E, E E & (s(GeV/c?)

AT _ Alexander Zholents
more e*e” pairs with E_,,=3096 + 0.14 MeV CERN SL/92-27/AP

20-04-24 91



Comments

-- In CP studies with K= TTTT decays the number =1/500 keeps popping up
I'/T=1/575; &=1/448; &/&=1/425; Bf(K>TT 1=2))/BAK> T o) )=1/484; ...

-- The current limit on 0,/& S 1/50, an order-of-magnitude away from magicland

this was 1990s state-of-the-art

-- Current accelerator & detector technology suggests a 10x improvement may be possible

shouldn’t we try for it?
Lev Okun

“ A special search at Dubna was carried out [in 1962] by E. Okonov and his
group. They did not find a single K;, — 777~ event among 600 decays into
charged particles [256]. At that stage the search was terminated by the administra-
tion of the Lab. The group was unlucky.”

1929-2015



