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RO Overview

= Formalism

= |mplications for future studies of weak interactions under
T symmetry.

= Summary
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|07 Formalism

= Need to test a T conjugate process, and compare a state
|4) to some other state | f):

1 PUD = 19) = P(f) = 1)
P(fi) = 17) + P(H) = |0)

c.f. CP asymmetries constructed from CP
conjugate processes.

= The problem resides in identifying a T conjugate pair of
processes that can be experimentally distinguished.

= ... and which could be used to experimentally test T
symmetry non-invariance.

= Given strong and EM conservation we want to identify
weak decays that can be transformed under T to a
conjugate state that can also be studied.

March 2013 3



Formalism

A number of papers exist outlining how to test T with B

decays using flavour tagged charmonium + K°decays:

e. g Banuls & Bernabeu [PLB 464 117 (1999); PLB 590 19 (2000)]
Alverex & Szynkman [hep-ph/0611370]
Bernaneu, Martinez-Vidal, Villanueva-Perez [JHEP 1208 064 (2012)]

The proposed route involves measuring a time-
dependent asymmetry of T conjugate pairs of B decays.

The key Is to use EPR correlated B mesons, where:

1 —0 =0
b= (POP = PO)
\/§ § = 2 1= 2
One can compare the results of one time-ordering of

meson pairs decaying with those of the second ordering

from an ensemble of measurements.

Use 2 different orthonormal filter bases: Flavor (B, B
and CP( B,.,B)
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|07 Formalism

= What do we compare?
= T conjugate pairs of B meson decays.

B — B_ B_. — B
T (4 S) Entangled State T (4 S) Entangled State
» Profécts Bo .

T
This is not just a
flip of t to —t
J/p
More detailed Projects B_ Projects BY
formalism in
backup slides At =ty — 14
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= T-conjugate pairings:

Reference T-conjugate
Transition Final state Transition Final state
B - B_ (¢tX,J/yKs) | B - B (J/YK,, ~X)
B, -+ B (J/yKs,ttX)| B> - B, (¢ X,J/yvK,)
BB, ((X,J/yK,)| By = B (J/YvKs,(~X)
B_ -+ B (J/WK.,0*X)| B 5 B_ (¢~X,J/yvKs)

= Similarly CP and CPT conjugate parings can be defined
(see Banuls & Bernabeu).

= Can study the time-evolution in the context of the "usual”
B Factory time-dependent analysis methodology.
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W Implications ...

= One can go beyond the current measurements to realise
a programme of T invariance study in weak decay.

= Based on weak interaction study of EPR correlated
decays to pairs of T conjugate decays:
= one decay filtered by quark flavour } Filter states into any two

: different orthonormal
= the other by CP eigen value bases to separate CP and

T symmetry tests

- B(B")are filtered by flavour.
= The next step is to identify T conjugate B filters: the

(CP=+1) B, and (CP=-1) B_

AB, Inguglia, Zoccali arXiv:1302.4191
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W Implications ...

= CP filters:

= Tree decays: b — ccs i.e. B — J/¢¥Kg,r, which %
measure sin2f3 [BaBar result in backup slides].

BABAR

= Loop decays:h — s penguins e.9.B — (n',w,...)Kg/L,
also measure 3.

= NP could be manifest

* via a difference in tree vs. penguin values of sin2f3
under CP or T measurements (6 measures to check:
S, AS*, AS™, C, AC*, and AC").

= No one told the weak interaction how to behave, we need to
learn what it can teach us.

= via CPT violation (over-constain test of CPT using CP

AB, Inguglia, Zoccali arXiv:1302.4191
and T)
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LW ByfiltersforVVdecays

= How does this work...? Look at the transversity basis

In the helicity basis: h=+1, -1 are CP admixtures.

In the transversity basis we combine the +1, -1
amplitudes to form an orthonormal set of
orthogonal CP eigenstates: {A1,A,,}

Time-dependent analyses of T-self conjugate states
such as JAyK*, oK* and p®p° can be performed...
should focus on states with sizeable A | to
maximize sensitivity to A;.

CP-even longitudinal : Ap, = Ap

Al1+A_
CP-even transverse A = +1j/'§ 1
Al1—A_
CP-odd transverse A ==t 7 1

AB, Inguglia, Zoccali arXiv:1302.4191
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W B filters for VV decays

S §) Sttt et A
= Experimentally one can follow the methodology used by

BaBar for time-dependent B decays to ¢K<1¥ to extract
CP parameters for CP even/odd parts of the decay.

= Extract CP asymmetry distributions for each
transversity amplitude as a function of At.

= Combine CP even and CP odd parts in analogy with

VP decays:
Reference T-conjugate
Transition Final state Transition Final state
B - B_ (¢tX,J/yKs) | B - B (J/YK,,{~X)
B—-VP 0 el (e ;
By - B (J/YyKs,0tX) | B —- By ((X,J/YK,)
B B, ((X,J/yK.)| By = B (J/YKs,(~X)
B_ - B (J/WK.,t*X)| B> s B_ (¢~X,J/yvKs)

AB, Inguglia, Zoccali arXiv:1302.4191

March 2013 10



dh

LW  BefitersforVVdecays

= Experimentally one can follow the methodology used by
BaBar for time-dependent B decays to ¢K<1¥ to extract
CP parameters for CP even/odd parts of the decay.

= Extract CP asymmetry distributions for each
transversity amplitude as a function of At.

= Combine CP even and CP odd parts in analogy with

VP decays:
Reference T-conjugate
B — B_ ((*X,B)) wvs B_ —>§0 (Bo,//, ¢ X)
By — B (B, (TX) ws — B, (0" X,By, /)
B—-VV —0 n _
B —>B+(€ X,Boj//) vs B+—>B (BJ_,f X)
B_—>BO (Boj//,ﬁ—i_X) VS BO—>B (€ XaBJ_)

AB, Inguglia, Zoccali arXiv:1302.4191

This is not the same thing as interpreting the published results.
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oY B decays at the Y (4S5)

= From the CKM matrix perspective... Measures sin2
J/YKs
P(25)Ks, 1
Xc1Ks, L
u ¢ t neis, L
J/YK*
d S b
d S b
u 1—22/2 — X4/8 A AXY(p — iff) + AN (5 — i) /2
Vorm =C| —A+ A2X5[1 —2(p+i5)]/2 1—22/2—2%(1+4A42)/8 AX? + O(X5)
t ( AX¥[1 — p — in] —AX? 4 AN —2(p + i7)]/2 i — AAXMD )

AB, Inguglia, Zoccali arXiv:1302.4191
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oY B decays at the Y (4S5)

= From the CKM matrix perspective... Measures sin2p
J/WKs

V(25)Ks,L
Xe1 s, L
neKs, L
J/YK*

Measures sin2[3

AB, Inguglia, Zoccali arXiv:1302.4191
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oY B decays at the Y (4S5)

= From the CKM matrix perspective... Measures sin2p
J/WKs

V(25)Ks,L
Xe1 s, L
neKs, L
J/YK*

/\ n(,)KS,L
d b O»Ks 1)

S —

D*D*

Measures sin2f3 v 2B
easures sin

AB, Inguglia, Zoccali arXiv:1302.4191
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Yay B decays at the Y (4S5)

= From the CKM matrix perspective... Measures sin2f
J/YKs
Measures SIn2 0.
- (25)Ks, L,
P P\ XclKS,L
u C t 77(:I(S,L
e

DD d S «—
\ wKs 1

Measures sin2f3

Measures sin2[3

= There is at least one route to test each transition type
from a b qual’k. AB, Inguglia, Zoccali arXiv:1302.4191
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YaY D decays at the w(3770)

= From the CKM matrix perspective...

Measures mixing phase (null tests)

ntr Ks.L
Ol
o | u c t
3K
OKs, L
\ 4
d S b
d S b
u 1-A2/2 - \1/8 A AN (5 — i) + AN (5 — iff) /2
Verm =C| =X+ A2X5[1 —2(p+i7)]/2 1 —A2/2 — 24(1+442)/8 AN? + O()\%)
t AN3[1 — p — in)] —AX2 + AXY1 — 2(p + i7)]/2 1 — AT

AB, Inguglia, Zoccali arXiv:1302.4191
AB, Inguglia, Meadows PRD 84 114009 (2011)
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YaY D decays at the w(3770)

= From the CKM matrix perspective...

Measures mixing phase (null tests)

7T+7T_KS,L
ép']
- u C t
OKs, 1
— Measures B,
K+K_K5,L \
PPl d S b
p’p’)
TI(’)KS,L

/66 — alrg [_Vu*d‘/cd/vu*sch]

= There is at least one route to test each transition type
from a c quark (ignoring the c->u penguin).

AB, Inguglia, Zoccali arXiv:1302.4191
March 2013 AB, Inguglia, Meadows PRD 84 114009 (2011)



W Implications ...

= BaBar, Belle and Belle Il can now start to systematically
probe the question:

*= Does the Kobayashi-Maskawa mechanism work
under the T symmetry as well as the CP one?

= Similar tests could be performed at an asymmetric
energy T-charm factory to probe the up-quark sector.

= Can be compared with more traditional
parameterisations of CPT violation in the entangled
state.

March 2013
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W Time-evolution
= Assuming Al'=0 (good for B, decays)

giﬁ(At) x e 1A 4 C’iﬁ cos(AmAt) + Siﬁ sm(AmAt)]

March 2013 20



W Time-evolution
= Assuming Al'=0 (good for B, decays)

giﬁ(At) x e 1A {1 + C’iﬁ cos(AmAt) + Siﬁ sm(AmAt)]

T~

ac{lt 07} 3e{Ks, K1} ie CP =+l
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W Time-evolution
= Assuming Al'=0 (good for B, decays)

1 — ]2 2ImA
G DY «, 1+ A2

™\ /

giﬁ(At) x e 1A {1 + Ciﬁ cos(AmAt) + Soji sin(AmAt)}

T~

ae{lr (7} Be{Kg, K} ie CP =+l

= S0 one can relate the time-dependence to the weak
structure of the decay (i.e. test the CKM formalism of the
SM with an appropriate asymmetry observable).

= Need to account for mis-tag probability w, and detector
resolution.
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W Time-evolution
= Assuming Al'=0 (good for B, decays)

1 — A\ Superscripts:
a6 M' + = normal ordering 5@ _ 2ImA
| 1+ ‘)\|2 < = T reversed ordering a3 1+ ‘)\‘2

™\ /

@Q(At) x e 1A {1 + C;E,B cos(AmAt) + Sai’ sin(AmAt)}

ae{lr (7} Be{Kg, K} ie CP =+l

= S0 one can relate the time-dependence to the weak
structure of the decay (i.e. test the CKM formalism of the
SM with an appropriate asymmetry observable).

= Need to account for mis-tag probability w, and detector
resolution.

March 2013 23
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Time-evolution

Physical distribution is
he 5(AL) oc (1 — wa)gn 5(AL) + wagéﬁ(m)

Note this is the conjugate flavor filter

In reality one has to account for detector resolution to
obtain the asymmetry A-.

ACE AS

Ap ~ cos AmAt - 5 sin AmAt

In the SM (for the charmonium modes)

ASE = F2sin 203

Hence, expect |AS*| ~ 1.4, and similarly expect AC*~0.

ch 2013 94,
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Event Selection: CP filters

The same as for the sin23 CPV measurement in

Phys.Rev. D79:072009 (2009)

CP even filter:

B — J/WKL

CP odd filters:
B — J/szS

—  YP(25)Kg
— XCIKS

Drop K* and n. modes from the CP
selection.

March 2013

b)

:

Events / 2 MeV

:

Events / 2 MeV/c?
s

B — JYK
B— w(zs)K‘S’
B— xclKg

. 2.8,
1 AP LA LTI 1 PP VLS GIL SIS S OTHE 0 2. 8 I ASIS OIS T

522 524 526 528
mg (GeV/c?)




R Event Selection: Flavor filters

= The same as for the sin23 CPV measurement in

Phys.Rev. D79:072009 (2009)

= The set of "tag" modes

B — DW= (gt

= which characterise "(t)ag" performance
and give the BY (B) filter projections.

used is:

» P

—|—+)

Events / 2 MeV/c?

Category e (%) w (%)

Aw (%)

Q (%)

Lepton 8.96 £ 0.07 2.8 +0.3
Kaon I  10.82+0.07 5.3+0.3
Kaon II 17.194+0.09 14.5 +£0.3

KaonPion 13.67 £0.08 23.3 +0.4 —0.7£0.7

Pion 14.18 £ 0.08 32.5 £ 0.4
Other 9.54 + 0.07 41.5 £ 0.5

0.3+0.5
—0.1+0.6
0.44+0.6

8.1 & 0.7
3.8 0.8

7.98 +=0.11
8.65 +0.14
8.68 £ 0.17
3.91 4+ 0.12
1.73 £ 0.09
0.27 £ 0.04

All 74.37 £ 0.10

312 + 0.3

March 2013
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I~

B
-

8]
-]
T

()
-

[R—
-

)

Pl

5.22

5.24 5.26
m (GeV/c?)

5.28

Overall

Q = 31.2%
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Experimental results

m— Fit result
= = = T-CONSErving case

'a) B — B_({*X,ceKs)

05F —
B’ — By ("X, J/yKL)
o 2 4 6 8
At (ps)
March 2013

7l By — B%ceKg, 0T X)
o 2 4 6 8

At (ps)

DB — B(J/YKL, £ X)

Phys. Rev. Lett. 109, 211801 (2012) [arXiv:1207.5832]
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Experimental results

Parameter Result

ASTE = S;—,Kg — SZSF,Kg —1.37+£0.14 £ 0.06
AS; = Sj_,K% — Spr k0 1.17 £0.18 + 0.11
ACY = C;_,K% - C;‘,KOS 0.10 £ 0.14 = 0.08
ACL = C;L_,K% - Cz;r,KOS 0.04 £ 0.14 +0.08
AS¢p = Sj_’Kg — S;’Kg —1.30 £0.11 £0.07

ASgp = S xo = 57

£,

e+ K

1.33 £0.12 £ 0.06

ACY, = cj_’Kg - c;!Kg 0.07 + 0.09 £ 0.03
ACop =C o — Cpi o 0.08 + 0.10 + 0.04
AL = Set ko~ S;L’Kg 0.16 £ 0.21 £ 0.09
AS py = S;,K% — Si ko —0.03 +£0.13 £ 0.06
AC Ly — Ce;’K% = C;}’Kg 0.14 + 0.15 £+ 0.07
A g = Ce?i,xg = Co ko 0.03 +0.12 £+ 0.08
SZSF’K% 0.55 + 0.09 + 0.06
St Ko —0.66 + 0.06 + 0.04
Cor k9 0.01 £ 0.07 £ 0.05
Cot k0 —0.05 4 0.06 + 0.03

March 2013

= Observed level of T-
violation balances CP
violation.

= First direct measurement
of T violation in B decays.

= [nterpretation Is
unambiguous.

Phys. Rev. Lett. 109, 211801 (2012) [arXiv:1207.5832] 29
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= Observation of T-violation can be seen in the following:

+H

O
<

» Fitresultis 140 from the T conserving case (assuming

1

0.5

Experimental results

(AST, ACT) (AS,_;,AC’;)/Tconservation

Gaussian errors).

CL=0.317,455%1072, 2.70x 103, 6.33%x107°,5.73%x107,1.97x 10

March 2013
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W) Experimental results

Recall that AS* are related to sin23, so we can compare
CP violation with T non-invariance for this parameter:

AS™ Bsn = (17.9732)°
AST Bsn = (21.6752)°
= c.f. beta measured from the standard CP analysis:
S Bsym = (21.7£1.2)°

= As expected all results of 3 are in agreement with each
other, however a more precise comparison of these
results is called for.

This is my interpretation of the results.
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) Dealing with detector resolution

= Given that detector resolution may smear out information
about the sign of At, heavyside step functions are used
to compute

HaplAbses) 0C h;‘ﬁ(Az‘)H(At) ® R(dt;0nt,..) +
h;ﬁ(—At)H(—Af) ® R(0t;0A¢t,..)

_At (reversed ordering)
€<

+
normal orderin
h;t,B(At) X (1 - wa)g;t,@(At) + wa g | +At ( 0)
>

March 2013 32
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CP and CPT asymmetries

= Similar pairings for these discrete symmetry transformations

Reference CP-conjugate
Transition Final state Transition Final state
B - B_ (¢*X,J/YKg) | B - B_ (0~ X,J/¢YKs)
B, - B (J/WKg,ttX) | By - B (J/9Ks, b~ X)
BB, (X,J/yK,) | B°—-B, (X, J/YK,)
B_—+BY (J/yK,,t*X) | B_ - B° (J/YvK,,(~X)

Reference CPT'-conjugate
Transition Final state Transition Final state
BB (¢tX,J/¢YKg) | B - B (J/YK.,ttX)
B, —» B (J/YKs,ttX) | B> By (£TX,J/YK.)
B B (0 X,J/YyKs) | B - B° (J/YK.,£~X)
B, -+ B (J/YKs,0~X)| B =B, ({X,J/yvK,)

March 2013

As with the T symmetry, there
are distinct conjugate parings
used to test the reference vs
conjugate probabilities.

A non-zero difference in these
probabilities results in a non-
conservation of the symmetry.

In the case of CP, where there is

a definite eigen-value we can say
that the symmetry is violated.
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