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o Parametrization T and CPT violation



WEISSKOPF-WIGNER
APPROXIMATION




Weisskopf-Wigner Approach

o Goal of this presentation — discuss a paremetrization in an
interfering system (oscillation X decay).

o Approach to the problem: Weisskopf-Wignher Approach
(WWA). Other approaches? Open system formulation?

¢ In this presentation only WWA is going to be discussed.
o WWA approximations:

) = a(t)|B®) + b(t)|B°) + c(t)| f1) + d(t)| f2) + ...

1. Att = 0only a(t) or b(t) are different from O.

2. We are only interested in the B® and B? system, not the final states.
Therefore we only compute the values of a(t) or b(t).

3. The time t of our study is much larger than the strong-interaction time scale.



Oscillations B® < BY

¢ The Hamiltonian of the system is not hermitian.

id
dt
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¢ Simmetry constrains:

QRS

Symmetry | Matrix elements condition
CPT 17\-[11 = 17\'[2‘2 and Fll = FQQ
P 17\[11 — 1’7\[22, Fll — FQQ., 1’7\[21 — 6‘1'2617\[12, and Fgl — ei'QEFlQ
T Msi = €% Myo, and sy = €%y
¢ Hamiltonian eigenstates:

M, — iT%, [Br) = pV1—2zB%) +qV1+ 2B

My — £T2 BH> = pV1+Z|BO>_QV1_Z|BO>

1

(My1 — Mas) 2(F11 —T'y9)

1

2\/(M12 — =T2) (M7 — =T'7,) + Z(Mn — Moo — —(I'11 — T'92))

2 2 2



Oscillations B® < BY

In terms of the € and § parameters

7_1-¢ z =20 ‘g‘zwl_]mg
p 1+e P M12

For the neutral B mesons |%| ~ 1 is a good approximation it’s not like that for

the neutral K mesons — introduces subtleties.
We derive:

i |§| + 1 we have T and CP violation, but CPT conserved.

o If z# 0,CPand CPT are violated, but T is conserved.
Constrains of the parameters due to CP, T and CPT.

CPT CPT
CPT cPY CPT CPT cPT
lq/p] =1 #1 =1 =1 #1

Z =0 =0 #0 =0 #0




Decays for the B°BY system

The time evolved states are q -
1BY(t)) = (94+(t) 4+ 29-(t))|B°) — V1 - zzz—jg_(tﬂBO) :

1B°(t)) = (g9+(t) —29-(1)|B°) - 1—z§ ~(t)|B°) .
Where

1 : .
g+(t) = §(€_WHt +e ™) wy,, =Complex eigenvalues

To introduce the decay we define
Ap = (fITIBY) \ = 141 ‘QHAJ“‘ —ig
Ay = (fITIB") p Ay 4

As is a CP parameter in the interference (oscillation X decay) if f is a CP
eigenstate:

0 |%| + 1 isa CP and T violation signal in the oscillation.
o |As| # |fo| is a signal of direct CP and CPT violation if f is a CP eigenstate, in the
approximation of no FSI (only one amplitude).

Is there any parameter like A which can directly interpreted as a T or CPT
violating parameter in the interference?



DIRECT OBSERVATION OF
TIME REVERSAL VIOLATION

Phys.Rev.Lett. 109 (2012) 211801




TRV in unstabl

e system searches

o Decay TRV searches

BY - Ktn—, R, CPT

CP 7 _ €“—>-
B » Kn* R,

K—nt - B% R,

K*n~ — B R,

— Unable to perform the T
Ay
Ay .

0 Mixing TRV searches ||

K9 - KO CPT K9 - KO
BY —» BY > BY —» BY

Cpi' T  CPLEAR
K% - KO K° - K°
B9 —» BY B° - BY

A test of CP and T simultaneously.
If CP is conserved and T violated this
observable is O.

* Preparation of the initial state.
The strong processes will swamp the feeble weak processes.

Test:

7 Interference TRV searches

--------------------------------------------------------
it

mixing decay A f
/ \Afcp .
decay Ay, - Jop
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CPV time dependent (TD) studies:

 There are no exchanges t <& —t and
lin > |out >.

e Assumes CPT invariance and AI' = 0.



Foundations of the analysis

A GENUINE and DIRECT evidence of TRV would mean an experiment
that, considered by itself, clearly shows TRV INDEPENDENT of, and
UNCONNECTED to, the results of CPV.

T - Violation means Asymmetry under the interchange
 jn “—outstates ——— Experimentally tricky

e t ——-t

¢ Quantum (EPR) entanglement at B-factories

o The initial state can be written in any combination of B states
Banuls & Bernabeu, PLB464, 117 (1999)

Y(4S) decay yields an i) = 1/v/2 [Bo(tl)gn(tg) — Eo(tl)BD(tz)]

entangled state of B mesons
= 1/V2[By(t)B_(t2) — B_(t1) By (t2)]
Flavor tag: e.g. B semileptonic decay to I* X (I X) projects B%(B°) = B%(B°) tag

CPtag: B, decayto J/YK; projects = B_tag (“CP-odd”) J. B., . M-V, P. V-P,
B_ decay to cCK; projects = B, tag (“CP-even”) JHEP (2012).

B, B_ are not necesarilly CP-eigenstates of the neutral B-system, only under
certain phase convention and assumptions:
* No Direct CP violation.
* Neglecting CP violation in the neutral Kaon sector.



TRV in the evolution of the B-meson
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TRV in the evolution of the B meson

e e’
—

By ~ 0.56 (BABAR)
B°(At) = (c©)K, B" decay (flavor ID) B°(Ar) —>/(CE)K§
— i 1..6 ps < /4 mm

_At<0 | At>0

o |In B factory CP violation canonical
analysis, we define

2" state with CP tag J/¢K? J/PK? with £F tag

B_ — BO

At=t,—t, =Az/Pyc B° - By

Signed decay time difference

o If At<Q, we can exchange the roles of the
two B’s in above picture Af

At =xAt Expected Dt distribution, e.g. J/yK, I * X



T-conjugated processes

Define processes of interest and their T-transformed counterparts

JHEPOS8 (2012) 064
Reference (X,Y) T-Transformed
B - B, ({,JWYKY) B, — B" (J/YKJ L)
B - B_ ({(~,J/4K?) B_ — B (J/YK? £t
i—r BY— By (L J/¢Ky) By — B (J/¥Kg,L7) and
B - B_ (£, J/MWKY) B_ — B (J/YK?, - simiiar or
( /¢ f)g.ﬂ is the recnnstructed(ﬁnﬁzbtate: (tag, rgcn.} CP: CPT

In total we can build:
* 4 independent T comparisons

* 4 independent CP comparisons
¢ 4 independent CPT comparisons

T implies comparison of:

|) Opposite At sign

2) Different reco states (@Ks v. wKr)
3) Opposite flavor states (B? v. BY)

Discard odd effect
Tt

1 (AN
| /I \ ¥ &
s ; ¥
r Ti-ifvff”
E \ Y Do ‘a4 | P
oo | BBy B+—:-E‘°,/rﬁl B B_::
I\ / \ :
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CP-conjugated processes

1.0 1.0f

A 0.8- B C 0.8‘- D
B. —>BO sl | B—> B, B,—>B% o BY B
04+ 04+ |+ (BO tag)
3 1 1:- 1 3 = CP
E 08+ F G
B—> B | | B*—>B, B,—> B0 I- (B tag)
WK, WK
A E CP implies comparison of:
B CP F 1) Same At sign.
c mmmm) 2) Same reco states (only J/¥K or J/PK,).
D H 3) Opposite tag states (B° vs BO).




CPT

-conjugated processes

A 08 C 0.8‘- D
B. —>B° B>—> B, B,—>BO ¥ BY >B. .
- CPT
c F G H
B—>RB0 B*—>B, B,—> B° BB
3 J/l]J KL 1 J/EIJ KS 3
A D CPT implies comparison of:
B CPT C 1) Opposite At sign.
FooEm—— 2) Different reco states (J/PKg vs. J/PK,).
H E 3) Same tag states (only B? or B9).




Signal parameters

9, 5(Ar)oce” {1+,  sin(Am;A7)+C, , cos(AmyA7)}
Assumes AI'=0

a € {B° B}; Be{K], K)}

+Ar for "flavor tag"

At=t, -t =
CP flav { —AT for "CP tagll

— Prediction from CPV . reference processes/parameters
Parameter Value
. Sgn K4 . 0.7
I_‘sST = 'E'E] Ko b 59, K8 =14
.|5_|} ol —U.T
= - 1.4
B K™ B KY
Scp = *’Bcqu bBﬂ K9 \I\-K
an Hg 0.0
ACY _anHu lI:I-f|-::,|hn:| Ke 0.0
ACEp = C g Ciory | 09
ACA e = O ct 0.0
T g | B° - B, B, = B° BY— B_ B_ - B° _
B° K2 . f
ACT = Cgu h CE,, K 0.0
ACHE = G’E_'" K™ GHD l{ﬂ 0.0
ACqpr = Cﬂp - Bo.K 0.0
o L1} 1]
For T Violation 0 0 0
J/YK} J/ YK J/YK}

in the interference AS*#0, AS #0
in the decay AC+#0, AC-H #0
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T AND CPT
PARAMETRIZATION




Coherent system

o Initial state at the Y (45):
1

V2

o Using this initial state we obtain the decay rate:

AT At
(FRITAS) AR e [DE | cosh(S=0) + CF j, cos(AmAt)

., ATAt .
E}tl s S’th(T) + Sj:tl o sm(AmAt)]

T(48) (11, 12)) = —= | [B(#2)| B (t2)) — | B (1)) | B°(t2)]

¢ Where:
Am = Re(wp) — Re(wr) AL =2i[Im(wy) — Im(wy)] At =ty —1

o Note for At exchange (At <& —At) is equivalentto f; < f.

o From the 4 experimental samples we can extract the 8
intensities.



Intensity parameters

BﬂaV Da CP

B 1/2{|A¢+ |?|Acpl?lp/al?[1 + |Acp|® — 4Re(Acp)Re(Aet) +
2Re(z)Re(Acp) — 2Im(z )]772(/\Cp)]}

B 1/2{|A¢-?|Acp|?[1 + |Acp|? — 4Re(Acp)Re(Xp-) —
2Re(z)Re(Acp) — )Im( )Im(/\cp)]}
Ccy G

0 , 2 2 2 2 4

B 1/2{|Ae+ I?|Acpl?|p/al?[-1+|Xcp|? —4Im(Acp) Im(Ae+ ) —
)Re( )R((/\Cp) 2Im(z )Im(/\cp)]}

BY [ |/\Cp|2 + AIm(Acp)Im(Xe-) +
mﬁ( )R€()\CP)+ >1m( Ym(Aep)]}
TSq,CP

B || 140 PlAcePlp/aP[PcpPrer — Nop + M — PopP2]

BO +|Ae- 2| Acp|?[Ne- — Aep + [Aep|P A= + 2]

E}, cp = FRe(sp cp) St cp = TIm(sy, cp)




CP parameters

¢ Approximations:
¢ The only approximation used ABAQ rule

Ao+ = A- =0
o CP parameters (£ & £7):

Act — gt +
AScp = 5= ks~ S+ ks

‘ D |2 )
zmmﬂdmeW¥ﬂMP%%hzOhFHm]

|2
Ak 2] = Im(Ae) (4e- +-pu+ﬁrg )}

el

&

AT — ik v+
ACCp = Cp ks — Civ ks

Ifle
= {(14e-12 + |4,

+2Im(z)Im(AKs) (|4-4£_ |2 il |

4—1K
o JBmal fia, oy

(1 — |Aks|? + 2Re(2)Re(Aks))

)}
[

P




1 parameters

o T parameters (£t & £7, K; & K, At & —At):

ASFHF = S — &k

ACH

=K T; i KS_ ( [— ]{L_i_bf"‘ I{s)

é 2 ‘ )
= (|4 2|4k, [PTm Ak, ) — [Agr |2 "5 | Axcs|PTm(Aks) )

: 7[> 2
—]-77‘2,(2)(|Ag— 1| Ak, | — |Aé+|2‘g| |AKs|‘)|)‘Ks|2>

< '3 2
~ (|Ag_|2|AKL|2I7n()\KL) — |Ag+|2‘§‘ |AKS|QI7n.()\KS)>

= U0 ks —C;F_KS
1 ‘ P2 : :
= S{ APl PO = e ) + 14 P 7] 1Ak P = P )
; 2
+2Re(2)\k, )| A 12| Ak, |2 + QRG(ZAKS)|A1,;+|2‘I—)‘ | Ak, |2}

~ {14 2lAk, 120 -

Acsl?) b



CPT parameters

o CPT parameters (K5 < K;, At & —At):

=2
ASCPT

8
A CCP q’

— B = i -+
S€'+.KL bé"‘,f(s o (bé"“.KL " Sf‘*‘.KS)

¢ y 2 ¢ ¢
—|Ap+|2’§. {‘AKL|2]7”()\KL) ~+ |AKS|2[T7’Z()\KS)

_].77;,(;5)(|AKL AL ]?+ |AKS|2|>\KS|2>}

CE:L.KL - C;Sr.Ks — Cfﬁ,[@ - CZ:L.KS
1 P |2 ‘ :
gldes P 7] Ame P(Ar [ = 1) = s P(Daes P = 1)

—2(\AKL ?Re(zAk;) — | Aks |2R€(3)‘Ks)> }



TRV analysis approximations

o We have assumed:
q| _

o Al = 0: ‘1—)| =1

¢ No direct CP violation:

Af| = |Af]

|Af‘ B ‘}_17| —{|ACP|:|ACP|
- f

f = CP eigenstate

¢ Neglect CP violation in the Kaon sector:
cCKs is a CP-odd eigenstate
J/YK; is a CP-even eigenstate

¢ We can choose a phase convention where:

CPtag: B, decayto /YK, projects = B.CP-odd state
B_ decay to cCK; projects = B, CP-even state

AKs = NMKsACP = —NK,AcP = —Ak, Nk, = —NKkg =1



CP, T, CPT parameters

CP T

AStp {21771()\CP)+I777(3)<1+’)‘CP|2)} ASE o 2Im(Acp) — Im(z )(1—|/\Cp|2)

- 2([ m(Acp) + 1 m(:)) ﬁ = 2Im(Acp)
ACEs e (1 = |/\CP|2) — 2Re(z)Re(Acp) ACE o (1=|Aep|?) + Re(2\ep) — Re(2Acp)
= —2Re(z)Re(\cp) = =2Im(z)Im(\cp)

With this

approximation:

e zisthe only CPT
para meter.y ASng oc 21 7‘7‘2,.(:;)

e CPXTXCPT
leaves the initial o |
process invariant. AC‘CPT x —2Re(zAcp)

CPT

2 = 2I'm(z)




CPT test in the interference

o First CPT test in transitions:
o Neglecting CP violation in the Kaon sector.
o No direct CP violation.
¢ The parameter in the WWA is just z (No direct CP violation).

¢ Options to increment the precission:

o Use other channels which are exactly CP eigenstates:

o Decays to vector-vector states and perform an angular analysis.
¢ Other options?
¢ Studies in other neutral systems?



CONCLUSIONS




Conclusions for discussion

¢ Parameters for T and CPT have been presented in
the time evolution of the B meson, in the WWA
framework.

¢ The parameters with the approximation obtained
for the PRL publication are shown.



Danke schon




