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1. Introduction

In the standard model (SM) of particle physi€®, violation in the quark sector of weak inter-
actions arises from a single irreducible phase in the CabKibayashi-Maskawa (CKM) matrix
that describes the mixing of quarks [1]. TB®-symmetry breaking has been widely explored
during the last decade, especiallyBrmesons, confirming the CKM mechanism as the dominant
source ofCP violation [2]. In the last years these studies have beemexgt toD mesons and
T leptons, where effects of SKaP-violating phases are expected to be small or negligibles th
providing a tool for searches of physics beyond the SM. Omwther hand, while it is expected that
the CP-violating weak interaction also violates time reversahiance, as implied from theéPT
theorem (in accordance with all experimental evidence {BBre has been no direct observation of
T violation, i.e., without being indirectly inferred frometobservation oEP violation. In this talk,
we first discuss recent direCP violation searches im~ decays intar K2v; and D(‘S> decays into
K2 andK~K¢ final states. Then we shall report the new analysis probirectly, and for the
first time, time reversal violation through the exchangendfal and final states in transitions that
can only be connected by symmetry transformation. Other recdZ® violation results from
BABAR in charmles®B decays into three kaons, are not discussed here.

The BaBAR experiment has been operating between 1999 and 2008 atea-ofmbass (c.m.)
energy around 10.58 GeV with a c.m. bofst= 0.58, and has recorded about 530 of data,
most of which (426 fbol) taken at ther(4S) resonance, but also at th&3S) and Y(2S), and off-
resonance data for background studies (45')blin total, theY(4S) data sample has 468 million
BB pairs, 437 milliont ™7~ pairs, and about 690 milliooc pairs, and the samples &%3S) and
Y (2S) decays contain approximately 120 and 100 millions each.ré&belts discussed in this talk
make use of the compled(4S) data sample.

2. CPviolationin 1~ — m KQv; decays

The decay of tha~ lepton intom K2v; proceeds through gluon aiii~ emission with no
weak phase (see Fig. 1). Therefore, the SM predicts the deoalitude for ther— to be the same
as for ther ™, and the direcEP-violating asymmetry

Ao - Mt — mKovp) - (1~ — m KOv;)
S T(tt = KOV T (1 — mKQv;)’

2.1)

is expected to vanish. However, as the final reconstructetisiate contains K2, the net expected
asymmetry isA3" = (0.33+0.01)% due toCP violation in K® — K° mixing, for t decay times of
the order of thek? lifetime [5, 6]. The sign of the asymmetry is determined by fact that ther -
decay produces K° and ther™ aK®. Moreover, sincers are produced via gluon emission, we
can also consider final states containifty without changing the expected asymmetry. Additional
CP-violating phases arising from new physics, like exoticrgled Higgs bosons, could change the
SM expectation [7].

Sincert leptons inete collisions are produced in pairs in a back-to-back topqlegy first
divide the event into two hemispheres in c.m., and applyrkiec cuts (event thrust) to remove
background from Bhabha* i~ andqg events. One of the leptons is reconstructed in a leptonic
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Figure1: Feynman diagrams contributing to tne — 71 K%y (left) andD~ — K (right) decays.

decay, containing either an identified electron or a muaag(ing side”). In order to reduce back-
ground from nore pairs we require a momentum for the electron or muon higresn th Geyc

in c.m. The opposite ("signal side”) is then reconstructed intd<d — " 7, plus one charged
pion, and up to 3°s. After all these selection criteria we obtain about 26@kgged and 150k
u-tagged events [8].

Backgrounds frontq events are further reduced by rejecting events in which riliariant
massMlec Of the hadronic system in the signal side is greater th&rGeV/c? (see Fig. 2). Residual
discrepancies between data and Monte Carlo (MC) simulaierdue to imperfect simulation of
strange resonances, causing very small effects in thesisalyhich are anyway taken into account
in the systematic uncertainties. The remaingagand K¢ background is further reduced using a
likelihood ratio technique with a number of variables inwog kinematic and lifetime information,
like the visible energy and displaced vertices. The sampiains events from two decay modes
containingK? mesons in the final state: — K~KJ(> 0n°)v;, where the charged kaon has been
misidentified as a pion, arnd” — m KOKOv,. The latter satisfies the selection criteria if one neutral
kaon decays inter" - and the other neutral kaon decays intot® or appears asi&® meson. The
composition of the final sample is given in Table 1. From tlimple, after the subtraction of
remaining background composedatf and nonk? 1 decays, the measured raw asymmetries for
etag andu-tag areAd",,, = (—0.32+0.23)% andAF/}Y ., = (~0.05+0.27)%, respectively,
where the errors are statistical. We have verified with arobemple oft~ — h~h~h* (> 0r°) v,
decays that there is no detector charge asymmetry in theuna@asnt.

Source Fractions (%)
etag u-tag

T~ - m KY>0m)v, 787+40  784+40
T =K K(>0m)v, 42+03 41+0.3
T~ — 1m KOKOy; 1574 3.7 159+37
Other background A40+0.06 155+0.07

Table 1: The composition of the~ — m KJ(> 01°) v, signal side sample after all selection criteria [8].
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Figure 2. Invariant-mass distributions for the combinedag andu-tag samples, forr K2 (left) and
mKIn® (right) final states [8]. Points with error bars represewt data, while the histograms represent
the simulated sample. The histogram labeled as “Signaludes thet~ — m KZ(> 0r®)vy, residual

T~ — K K{(> 0m®)vy, andt~ — m KPKCv; modes. These distributions have been produced applying all
selection criteria, except thd¢c criterion. The vertical lines and arrows indicate g < 1.8 Ge\//c2
selection criterion.

The measured raw asymmetry has to be corrected for distargitroduced by the differences
in K® andK? cross-sections with the detector material [9]. The coiwedis found to bg0.07+
0.01)% for both thee-tag and theu-tag samples. The error includes the statistical unceytam
the MC simulation, the uncertainties in the kaon-nuclearssisections, nuclear screening, and
an uncertainty due to the assumption of isospin invariandee asymmetry at this stage is still
affected by the dilution from background modes containingfat— — K~K9(> 0r®)v; decays
representf, ~ 4% of the selected sample (Table 1) and ha@Pasymmetry with opposite sign
to that of the signal&, = —A;), andt~ — 1 K°KCv; decays, which have no néP asymmetry
(Az = 0) and amount for about; ~ 15% of the sample. The measured raw asymm
is therefore related to the signal asymmeliy= Aq by ASAW = (f1— f2)Ag/(f1+ f2+ f3). The
overall dilution factor is 0/5+0.04. The systematic uncertainties are evaluated using MClatad
control samples, and account for the detector and selei#s and all the corrections performed
to the raw asymmetries (background subtractt&tK® nuclear cross sections), and ar&3 and
0.10% fore- andu-tag, well below the statistical uncertainties.

The final result for the&CP asymmetry isAg = (—0.36+0.23+0.11)% [8]. This result has
to be compared to the SM expectation corrected by the deoay dependence of the selection
efficiency, as recently pointed out in Ref. [6]. This correwtis required because the reconstructed
state inrttr is not a purek?, but an overlap oK2 andK?, strongly dominated by thi? for
decay times close to thik? lifetime. However, the interference is important and sitioe K2
selection effienciency is decay-time dependent, introsléacéme-dependence of the asymmetry.
Figure 3 shows the selection efficiency, normalized to uimtihe range @5 < t/rKg < 1.0: for
very short times increases rapidly, then is flat and abou¥il0P to one lifetime, and then drops for
large decay times. Taking into account this dependencexipected SM decay-rate asymmetry is
A3V = (0.36+0.01)%, 280 above the measurekt, value.

3. CPviolation in D(*S)

With this tension, it is fundamental to search for simildeefs in other related decay channels,

— h™K2, h = m,K decays
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Figure3: The selection efficiency as a functiontqferg, in the region 0 t/rKg < 1 (left) and in the region
1< t/TKg < 8 (right), normalized to unity for the regionZb < t/rKg < 1.0.

like Cabibbo-favoredD* and D§ decays intorr"K? or K*K? final states. Here again the decay
proceeds vial~ emission with no weak phase (see Fig. 1), thus the time+iated directCP-
violating asymmetry

(D — htK9) — rDg — h=K2)

ACP = S )
M(Dfg — htKQ)+T(Dg —h K

(3.1)

is CKM suppressed at 18 level or less, but since we have a final reconstructed finad stantain-
ing aK?, the SM expected value &M ~ (—0.33+0.01)% [11, 6], opposite in sign to the case
of the 7, given that theD(*S) decay produces K instead of &K° (see Fig. 1). The effect of the
KI/K? interference in this case is significantly smalter0.01%.

The measured ra@P asymmetryAR5W is not directly the physicalcp asymmetry, since it has
to be corrected by forward-backwardg) and chargeA.) asymmetries [10]. The charge asym-
metry A is due to the different cross-sections between particlegfefent charge and the detector
material. We use a data-driven method that uses tracksBrdatays (which are produced isotrop-
ically in the detector) to map the ratio af /7 or K™ /K~ detection efficiencies as a function of
momentum and polar angle. This charge asymmetry chang&Ptheymmetry by about 0.05%.
The forward-backward asymmet#¢g arises from the interference between the weak and electro-
magnetic currents (as well as higher order QED correctionf)e ete — ¢c process, combined
with the asymmetric acceptance of the detector. Again, weeaudata-driven approach to extract
this asymmetry together with tl@&P asymmetry. The idea to unfoklp andAgg relies on the fact
thatAgg is an odd function of the cosine of the polar angle in c.m. ggesvhile Acp is independent
(i.e., an even function) of cdk;, thus we can construct two combinations of the raw asymmetry
in bins ofx = |cos8| to disentangle the two contribution&gg(x) = [AREW (x) — ARBY(—X)] /2,
Ace(x) = [ABEY(x) + ARBW (~x)] /2.

The Acp and Agg distributions in bins of| cos@j| for the most precisé decay channel,
D* — tK?, are shown in Fig. 4. SincAcp does not depend upon offs, we compute an av-
erage value of this paramete¥cp = (—0.44+0.13+0.10)% [10]. The preliminaryAcp aver-
age values for the othé@ decay modes ar@.13+ 0.36+ 0.35)%, (—0.05+ 0.23+0.25)%, and
(0.55+ 1.974+0.29)%, for D* — K*K?, D — K*K{, andDg — K, respectively. The sys-
tematic uncertainties are dominated by the charge asymm@trection, which is basically related
to statistics and the use of MC to extrapolate the efficienap fnom tracks fronB to D decays.



CP and Time Reversal Violation from BABAR Fernando Martinez-Vidal

All results are consistent with the SM expectation. Note tha most precise on®* — niKg,
has the same sign as th€P asymmetry, while the SM predicts opposite sign.
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Figure4: Agg (left) andAcp (right) asymmetries fob* — *K$ candidates as a function pfosgy| in
the data sample [10]. The solid line and the hatched regipresent the central value and the degion of
Acp, obtained assuming no dependencearsdy|.

4. Observation of Time Reversal violation in the B® meson system

Time reversal transforms timento —t, leaving positions unchanged but modifying the sign of
momenta (reversal of motion) [12]. Microscopicnon-invariance means an asymmetry not only
under the reversal of the sign of time in the equations of omptbut also under the exchangeirof
andout states, ifout, which arises as a final state in the original process, isged identically as
the initial state for thél -mirror process. For stable systerisyiolation is implied by a non-zero
expectation value of &a-odd observable, as for example the electric dipole momfethieoneutron
or the electron, which also violat& To date, no signal has been found, as inferred from the best
current measurementd, < 2.9 x 10726 e.cm andde = (0.7 x 0.7) x 10726 e-cm [13]. In these
systems, in general, one has to account for final state gtiena(FSI) effects, which could mimic
T violation [14]. One might also consider differences in @bitities for transitiondn — out to
out — in, for exampleve — v, to v, — Ve at a future muon storage ring facility. For unstable
systems, the exchangeiafandout states turns out impossible in most (or all) practical cases

The difficulties to arrange th&-mirror process under the same initial conditions are neshif
in searches foil violation in decay processes. Let us take Bfedecay intoK* 7, with rate
R; [15]. TheCP symmetry is known to be broken in this decay [16], thus we r@B8 decay
to K~ " with rate R, # R;. By CPT invariance, the time reversed procesd¢s;r — B° and
K~ — BP, have expected raté® andR», respectively. However, we are unable to perform the
T experiment due to the practical impossibility to prepare itfitial states of thél -transformed
transitions, and even if we could do it, the strong intemactivould swamp the feeble weak inter-
action that dominates the original processes.

Searches fofT violation in mixing have been done in kaons at CPLEAR [17] @amdB
mesons [2] by comparing particle-antiparticle oscillatobabilities. In this case thetransformed
process is identical to thHeP-conjugated one, thus the effect here is HefrandT violating. More-
over, this flavor oscillation asymmetry is independent wfetj and requires a nonzero decay width
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differenceAl’ between the neutrdf or B mass eigenstates to be observed [18, 14], which has
aroused some controversy [14, 19]. In the kaon system a mo@aymmetry has been found,
which is, up to now, the only evidence relatedTtoviolation [13], while in the neutraB and B
systems, wherArl is negligible and significantly smaller, it is much more difit to detect.

Finally, we could also consider searchesToviolation arising from the interference between
mixing and decay in neutrd mesons. This is the place where we expect the laffegblation
effect, since here we known from the time-depend&iolating studies at B factories th@P is
largely violated. However, the$gP violation results cannot be directly interpretedTasiolation
since those results are obtained invok@RT invariance and\lr = 0, and not the reversal of time
and the exchange @f andout states, as required for a direct probéelafion-invariance [20].

Therefore, a goal in particle physics has been to demoaddiegctly T violation without any
experimental connection ©P, and without invokingCPT invariance. This requires genuine and
pureT -violating observables obtained through the exchangeitidilimnd final states in transitions
that can only be connected byTasymmetry transformation. At B factories this can be done
because th&(4S) decay yields an entangled, antisymmetric system of orthaiggiates. These can
be either flavor eigenstat@8 or B, i) = 1/v/2[B°(t1)B(t,) — BO(t1)B(t,)], as used extensively in
time-dependentP violation studies at B factories [21], or states projectgB-odd andCP-even
final states, likel/w KO andJ/yK?, denoted aB_ andB,, respectivelyli) = 1/v/2[B, (t1)B_(t2) —
B_(t1)B.(t2)] [22].

Let us take the case when one of the nelraiesons from th&"(4S) decays first producing a
negative lepton from &° decaying semileptonically or a negative kaon from an hadroascade
decay likeB® — D%X, D? — K~X. We generically denote reconstructed final states thatifgen
the flavor of theB as ¢~ X for B and ¢+ X for B. The entanglement insures that at that time
the otherB meson was &°, thus we have prepared the initial state of the sed®md decay as
a B We call this preparation of the initial state aB%“tag”. The second neutr& meson to
decay then evolutes in time and is reconstructed i final state, in other words,@P-even
state. We have then a transiti@ — B, , which is identified by reconstructing the time-ordered
final states(¢~X,J/wK?). The time-reversed transitioB, — B requires the neutraB meson
decaying first to a final stat@/¢K? (“CP-odd” tag), and a positive lepton or kaon from tBe
meson decaying second/y K2, ¢+ X). For this procedure to work we have to negléBtviolation
in K% — K% mixing, an effect at 10° level, and possibl€P violation in theB decay. Both effects
are well below the expected statistical sensitivity [22F Méve three other independent transitions,
B - B_ (¢~ X, JYK?),B® — B, (¢ X, JwK?),B° — B_ (¢+X,JwK?), and theirT -transformed
versionsB_ — B (JYK?,¢+X), B, — B° (JWK2,¢~X),B_ — B° (JWK?,¢~X). In all cases the
T transformation implies comparison &y K¢ andJ/y KP states, and d8® andB? states, with the
exchange of proper decay times, i&t — —At, whereAt =tg 5 —tgo/go Is the signed difference
of proper time between the twB decays. This experimental requirement is different froat th
needed folCP violation experiments, where onB° andB° comparisons are needed. Similarly,
four differentCP (CPT) comparisons can be made between the same eight indepéraiesitions,
e.g., between thB® — B. transition and it<CP- (CPT-)transformed3® — B, (B, — B?).

B_ states are reconstructed into thgyK?, W(29)K?, x1K2 final states (denoted generically
asctK?), while B, are intoJ/ KP. We also reconstruct a large sample of self-flavor taggingrae
B decays into open charm and charmonium final st&®s; D)~ [, p(770)*,a;(1260 ") and
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B® — JWwK*9(— K* ), which are used for calibration of th resolution function and the per-
formance of the inclusivB flavor B° or B°) identification. Finally we reconstruct a large sample of
chargedB decays into charmoniunB* — J/@ K=, W(29K*, J/wK**, which are used as control
sample. We use the standard kinematic constraints avaitB factories from the beam energies
to reconstruct the mass and the energy difference oBtimesonsmes = /(E;eam? — (P5)? and
AE = E — Ej.,m WhereEg, pg are the energy and momentum of tBén c.m. We also exploit
the different topology of signal angj events to reject continuum background. The final sample
contains 779@_ signal events with purities ranging from 87 to 96%, and 5B13signal events
with purity about 56%.

We perform an unbinned, maximum likelihood fit to the (signatddependence of all flavor-
andCP-tagged events (4 samples in total), with a general, madidgendent signal probability
density function (p.d.f.) of the form

ré s O exp(—T|At) {1+ S psin(Am(At| +C7 cos(AmyAty)}, (4.1)

unfolding the true positive (symbel) and negative {) proper decay time differences for =
£+,0= (for £+X,0=X) andB = KO K0 (for ctK?, J/wKP) events. From this fit we obtain a total of
eight independent pairs Qsﬁ’ﬁ,ciﬁ) parameters. In the standa@® violation studies there is
only one set of S,C) parameters, which within the SM and CKM formalism are expedb be
(—ncpsin2B,0) [21], with ncp = —1(+1) for B_(B..) events. From these eight pairs of signal co-
efficients, we construct six pairs of independent asymrrmﬂmmeter@S?,AC%), (A$P,AC§P),
and (A1, ACSHT), as shown in Table 2.

Parameter T-transformed transition Transition Result

AS; = s;’KE — S;’Kg B. — B (JyKP ¢ X) BB (¢TX,cckl) —1.37+0.14+0.06
ACt=C, Ko CZ,Kg 0.10+0.14+0.08
AS; = 3;ng - 57+,Kg BY - By (X, JyKP) By —B°(cckl,¢tX)  1.17+0.1840.11
ACr =C/ K~ CAKg 0.04+0.14+0.08
AS = SZ—,Kg — SZ+,Kg B »B_ (¢ X,ccK?)  BY - B_ (¢"X,ccK?) —1.304+0.11+0.07
ACL=Cf ch 0.07+0.09+0.03

)— kO 0
=KQ e K

By —BO(ctk?,/~X) By —BY(ccKy,¢X)  1.33+0.12+0.06

ASp = ng,Kg o Sz+,|<g

ACepr=C, K C},Kg 0.08+0.10+0.04
NSy = SE,KE — SZ+,Kg B. — B (JyKP ¢+X) BY—=B_ (¢FX,cckKl)  0.16+0.214+0.09
ACor = Cpixo ~ Cﬁ,Kg 0.14+0.1540.07

ASpr = s;,KE — %,Kg B° — B, (¢*X,JwK?) B — B (ccK?, ¢X) —0.034+0.134+0.06
ACepr =C, o —C, 0.03+0.12+0.08

r+ KP r+ K2

Table 2: Definition and measured values of tihe, CP-, andCPT-asymmetry parameters. The first uncer-
tainty is statistical and the second systematic.

The results for the asymmetry parameters are given in Tablevd of them,AS} andAS;,
associated td violation arising from the interference between mixing atetay, clearly devi-
ate from zero, whileAC{ andAC;, associated td@ violation in decay, are consistent with zero.
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Figure 5(left) shows the two-dimensional confidence regionthe (ASf,AC{) and (AS;,ACY)
planes. In both cases we observed thatThievariance point is excluded with-1CL close to
109, corresponding to abouidg including systematic uncertainties. Combining all thi@ima-
tion from the data, the global significance fbrviolation is 140, assuming Gaussian errors. The
results for theCP and CPT-violating parameters are also shown in Table 2. There isigro &f
CPT violation at 030 level, and forCP we observe a similar behavior as fbr thus compensat-
ing the observed violation, with largest significance (&7, since in this cas&_ andB, states,
and positive and negatiut regions sum up statistically to the final precision. Thesitzd way
to illustrate theT-violating effect is through the raW asymmetries we can build from the four
possible and independent comparisons. Figure 5(rightyslioe rawT asymmetry for transition
BY — B_ (¢*X,ctK?). Here, the asymmetry from data is overlaid with the progecif the best
fit results with and withouT violation: the solution withrl' violation is clearly favored. The three
otherT asymmetries reveal a similar behavior.

g L.

05"
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2 4

0.5~

¢
At (ps)

Figure 5. (Left) The central values and two-dimensional confideneell¢CL) contours for - CL =
0.317,455x 1072, 2.70x 102, 6.33x 10°°, 5.73x 107, and 197 x 109, for the pairs ofl -asymmetry
parametersAS;,AC{) (blue dashed curves) arfdS;,ACT ) (red solid curves). Systematic uncertainties
are included. Thd -invariance point is shown as a plus sign)( (Right) TheT-violating asymmetry for

L= . Mg ,go(8)—Tgo g (A1)
0 =K 0 _ ' B_—B B0—B_
transitionB? — B_ (¢7X,ccKy), defined asAr (At) = M @) T, @)

The points with error bars represent the data, the red sotiddashed blue curves represent the projections
of the best fit results with and withotitviolation, respectivelyAr (At) is constructed so that is defined only

for positiveAt [23]. Neglecting reconstruction effecty (At) ~ % cogAmMAL) + % sin(AmAt).

in a signal enriched region.

5. Summary

In summary,BABAR ended data taking in 2008 but continues to produce physscstseonCP
violation in T andD decays, in addition tB decays. In this talk we have reported a tension with the
SM expectation (at.Zo level) in the direcCP-violating asymmetry front~ — 1 KQv; decays.
However, the direcCP asymmetries from the related, Cabibbo-favo[é% — h-KS, h=mK
decays are consistent with expectations. We have alsotegptire measurement of-violating
parameters in the time evolution of neutBilmesons, leading to a large (atdd4evel), direct
observation of time reversal violation. The results aresiant withCP-violating measurements
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performed at B factories assumi®@PT invariance, and represent the first direct observation of
time reversal violation in any system without being indihginferred from the observation @P
violation, through the exchange of initial and final stategransitions that can only be connected
by aT-symmetry transformation.
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