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Introduction

CP&CPT
T asymmetries
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CP

CP transformation

CP(Y) =9

CP(Fa,b,...—>x,y,...) — lap,.-xy,.

CP is violated in nature

We know it because

« Weseeitinthe lab (since 1964)
« We live

CP is violated in the Standard Model
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* Precisely enough to explain the experimental observations

* Not enough to live




CPT

CPT symmetry is inherent in any local QFT respecting Lorentz
invariance

It results, for instance, in my, = my & Fl/, = FJ)
CPT conservation implies that

CP violation = T violation

Measurement of T asymmetry is an important test for CPT



T asymmetries

Distinguish between two types of T asymmetries
Macroscopic (the “arrow of time”)

* The 2" |aw of thermodynamic
* Ordered systems become disordered with time
* The opposite process is extremely unlikely

 Tasymmetry which is unrelated to the microscopic laws

Microscopic

e Tviolation in the laws of particle physics
 But what exactly is T transformation?

T(Fa;b:---—’x;y,---) — I‘x,y,...—>a,b,... ?7?



T transformation

T transformation:

* Not only reversing the time, but also interchanging between incoming
and outgoing states

« YT is T-conjugate to Y

T(Fa,b,...—>x,y,...) ¥+ l_‘x,y,,_,—>a,b,___
T(Fa,b,---*x,y,---) — FxT,yT,...—>aT,bT,...

So, to measure T violation one needs to compare a microscopic
process with its inverse process

Not an easy task!



T asymmetries

Direct

* Decay vs. inverse decay

* Impractical to realize in an experiment

* Problematic preparation of the initial state

 Weak process swamped by the strong processes
Mixing

 CPLEAR 1998
Interference

* BABAR 2012




Measuring T asymmetries

CPLEAR measurement
BABAR measurement
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CPLEAR measurement

In 1998 the CPLEAR collaboration measured the Kabir asymmetry

ri: pp—- K ntK°\\/\)\, K°

L ety
I,: pp— Kta~K°\\/\/\, K°

L ety

K*isusedtotag K or K? at t;
et isusedtotag K® or K° at t,



CPLEAR measurement

Constructing
Fl . FZ FKO_)I?O - FI?O_)KO

I +15 - [wo_go + [go_ ko

AT,K —

CPLEAR measured

— -3
(A7 k) (1-20)rc = (6:6 £ 1.6) X 10

A measurement of T asymmetry which is also a CP asymmetry
Can we measure T asymmetry which is not a CP asymmetry?



BABAR measurement

N~

ete™ collision at the Y, threshold
2. Y, decays to an anti-symmetric coherent state of two B mesons

Using the EPR effect in entangled systems, measuring B, at t;
determine B, at t;

4. Then measure B, at t, to get information on its time evolution

B,

/

é_ Y4S e

w

B1(t1) = (B2)L By(ty)
t, t,



BABAR measurement

The entangled B system offers two sets of tagging

Flavor tagging CP tagging
e B%decayto#* * B, decayto YK,
e BY decayto ¢~ * B_ decay to YK

1 _ _
i(t)) = ﬁ(lB())llBO)Z — |B°111B%),)

1
_ ﬁqB_)lIBQz — |B4)11B-)2)



BABAR measurement

Using different tagging at £; and t, BABAR can constructa T
asymmetry (*) which is not a CP asymmetry:

B, B. B° RO
pkY = vs. x4 =
BY B_

Yx VUK,

B_.—->B% vs. B> B_
Construct 6 asymmetries: 2 T, 2 CP and 2 CPT

(*) Under some assumptions



BABAR measurement - CP

Measure CP asymmetry at 170
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Naive world average:
|AC| = 0.00 + 0.04 |AS| =~ 1.32 + 0.04



BABAR measurement - CPT

CPT symmetry is consistent at 0.30
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BABAR measurement-T

Measure T asymmetry at 140

He = -
@) -

<[ S

. e
- M
L - L
. Eo -
O ﬁ_._ B temeea -
= . e
ta Sall -
L k]

From CP measurements, assuming CPT,
|AC| = 0.00 + 0.04 |AS| =~ 1.32 + 0.04
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BaBar Experiment Confirms Time Asymmetry

Time's quantum arrow has a preferred direction, new analysis shows

Movember 18, 2012

BaBar makes first direct measurement
of time-reversal violation

Menlo Park, Calif — Time marches relentlessly forward for you and me; watch a movie in reverse, and

The

Nov 21,2012 ©15 comments Economist JRUESE politics Business & finance Economics Science & technology Culty

| To the relief of physicists, time really does have a preferred direction
/j) Timekeeper :E’ o Tweet | 67

Sep 1st2012 | From the print edition
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Forwards and bac kward at BaBar

The BaBar collaboration has made the first direct obs
time-reversal (T) violation. The results are in agreems
basic tenets of quantum field theory and reveal differ

rates at which the quantum states of the B? meson ti
one another. The researchers say that this measured
symmetry is statistically significant and consistent w
observations.

The BaBar detector at the PEP-II facility at SLAC in
designed to study the collisions of electrons and pos
determine the differences between matter and antimz | ¢
particular, physicists working on the experiment are i
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Subtleties in the
BABAR measurement
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Subtleties in BABAR measurement

1. Time conjugation

B, B_ BY B°
pkY = vs. x4 =
BO B_

Yx VUK,

Not precisely time conjugated processes



Subtleties in BABAR measurement

1. Time conjugation

(WKs)" el
(BT (BO)T
B° B_
Yx 1/;1(5“

* Inverse decays are not accessible to the experiment

* Need to include the effect of CPT violation in decays

e T-even CPT-odd contribution to BABAR’s T asymmetries
* Unconstrained (forever?) and impossible to calculate



Subtleties in BABAR measurement

2. CPtagging
B, B_ B° B°
pkY = vs. x4 =
BS B_
X VUK,

Not precisely the same states



Subtleties in BABAR measurement

2. CPtagging
B, (BL). B° B°
pkY = vs. x4 =
B° B
\, 3
£7X WK

(B;), # Bs due to wrong strangeness decays



2.

Subtleties in BABAR measurement

CP tagging
¢BS B° B°
YK = Vs. x4 =
B° B
N, \
£7X WK

* Impossible in qguantum measurements

* Need to include the effect of wrong strangeness decays

* Do not contribute to BABAR’s T asymmetries

 CPT-even T-odd contribution to BABAR’s CPT asymmetries
* Surprisingly, only weakly constrained by experiments



Subtleties in BABAR measurement

3. Flavor tagging

B. B_ B° RO
pkY = vs. x4 =
BO B_

Yx VUK,

Not precisely the same states



Subtleties in BABAR measurement

3. Flavor tagging

By B_ Bp-(By-) 1
pkY = vs. x4 =
B, B_
VX VUK,

(By-) | # B,+ due to wrong sign decays



Subtleties in BABAR measurement

Flavor tagging

B, B. B+
l/JKL‘l § Vs. o x¥ §
B+ B_

VX VUK,

* Impossible in quantum measurement

* Need to include the effect of wrong sign decays

e Contribute to BABAR’s T asymmetries

* Numerically, cannot explain alone BABAR’s T asymmetry
e Surprisingly, only weakly constrained by experiments



BABAR measurement

Including the effects of
e CPT violation in mixing
e CPT violation in decays
* Wrong sign decays

* Wrong strangeness decays

Parameter T | cp | cPT
. e N . Ru, 87, Cr, Gy, Af — _ "
we identify theoretical’ 2, 0F A} P R
parameters that have well o7 _ n _
defined transformation Sf.CF .Gy + n N
properties SiepClop _ _ +
O pp + - _
Gfep + + 4




BABAR measurement

Find relations between the experimental observables and the
theoretical parameters

CPT violation CPT violation

Wrong sign in mixing in decay
decays \ T /y
ASH = —AS; = =2 [5 - (1 + Gk (GF - :H}) - f;ﬂ.h.é;;h.] ,

;(j_:xr;_z[rm + Syx (S = 2') +§'fx] -
ASfp = =ASzp = =2 [Surs = Gursbhs + SesGensGE = ' (1= 8%) |
ACEp = ACzp = 2 [Cyie + SpicsSi + Ol + Gyxsz™]
ASEpr = =ASgpr = =2 [ASyx = 2" (1= 83 ) + Goxe (SunGer = Al = Suca™)]

ACEpr = ACzpy =2 |ACyk + A8 + Sk (Se+ — 2') +fjra,-:.~::H] .

Wrong strangeness / l

decays Wrong sign decays




BABAR measurement

Use BABAR measurements to constrain these effects

Suk = Gurf . = 0.60 £ 0.04.
|Cyx + 0| < 0.07,

|Gyks Seks, (Gp —2") | <0.10,
|Sprsr (S;—2")| < 0.06,
IS7]<0.10,  |G7| <021,

Experimental constraints are still weak



Summary
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Summary

A quantum two level system can keep on surprising

The BABAR measurement demonstrates a genuine T reversal
violation if

* No CPT violation in strangeness changing decays;

* No wrong sign decays

New methods to constrain wrong sign decays and wrong
strangeness decays are called for

Future measurements of T violation in
* entangled K mesons (KLEO2 experiment at DADPNE)

* neutrino oscillations

exhibit similar subtleties



Thank you

Subtleties in the BaBar measurement of time-reversal violation
Phys. Rev. D 89, 076011 (2014) 1312.4164 [hep-ph]
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