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Abstract

We present recent results from searches for new sources of CP and T violation from the B, charm, and 7 sectors
from BABAR. From the B sector, we search for CP violation in B decays to three kaons, and to K¢*¢~, and present the
first direct observation of T violation using B’ — JW K 0. In the charm sector, we search for a T-odd correlation in D*
decays to K*K°7*n~. And in the 7 sector, we measure CP violation in 7~ decays to K%z~ v,. Highlights of these new
results include the world’s first observation of 7' violation that is fully experimentally independent of CP violation,
and a 3.10 deviation from the Standard Model predictions for CP violation in 7= — K% v,.
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1. Introduction

The search for CP violation beyond the Standard
Model (SM), as the primary goal of the B-factories, has
a long and rich history with which most of the readers
of these proceedings are very familiar. New sources of
CP violation beyond the SM are expected, as that which
occurs within the SM falls in the vicinity of 10 to 12
orders of magnitude short of that which is required to
explain the baryon asymmetry of the Universe [1]. This
additional CP violation might potentially occur in a very
different sector or energy scale than that probed by mod-
ern experiments at the intensity frontier; nevertheless,
hints might appear in the precision measurements per-
formed by B-factories at any time.

CPT symmetry is a bulwark of the SM, as well as any
other energy-conserving, Lorentz-invariant local quan-
tum field theory; however it is of course critical to test
each of its major predictions. T violation, as a firm con-
sequence of the combination of CP violation and CPT
symmetry, is one such prediction, for which tests that
are fully experimentally independent of CP violation,
and thus actually test the prediction of CPT symmetry
itself, have been scant at best.

On behalf of the BABAR Collaboration, in this talk I
presented five very recent results on searches for new
sources for CP and T violation. Three of the results are

from the most well-covered area of hadronic B decays,
one is a search for T violation in the charm sector, and
the last is a search for CP violation in 7 decays. Our re-
sults use the full BABAR dataset, containing 472 million
BB events, 690 million ¢ pairs, and approximately 500
million 7% 7~ pairs.

2. Search for CP violation in B decays to three kaons

In the decay modes B° — K*K K?, and B* —
K*K™K* and B* — K?KYK*, we search for both in-
direct and direct CP violation.! In B® — K*K~K?, we
measure the time-dependent CP asymmetry Acp(Af) ~
nep sin(2.x) sin(AmyAtr), however this analysis is com-
plicated by the fact that K* K~ K? is not a CP eigenstate;
the CP content depends on the Dalitz plot (i.e. the spin
structure) of the decay. In B* - K*K"K* and B* —
KPK°K*, we study the Dalitz structure in order both to
help understand the CP content in B — K*K~K?, and
also to measure direct CP-violating charge asymmetries.
Additionally, both the “fx(1500)” resonance, and large
nonresonant contribution seen elsewhere in B decays to
three kaons [2], are poorly-understood, thus we investi-
gate these components in greater detail.

Throughout this contribution, charge-conjugate decay modes are

implied, unless otherwise specified.
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We fully reconstruct each decay mode; the event se-
lection is performed using typical criteria for charged
kaons and KS at BABAR [3], and we select B mesons us-

ing the typical variables mgg = ,/is - pgz and AE =

Ey - % Vs, where g, = (Ej,p}) is the 4-momentum of
the B candidate in the 1°(4S) frame, and s is the square
of the invariant mass of the electron-positron system.
Additional selection and separation from the dominant
continuum background is performed using a neural net
(NN)-based selection on event shape variables. The
Dalitz structure is investigated by the usual technique
of decomposing the amplitude as a function of the two
Dalitz variables: A = A(B — KKK;mi,,my3) as the
sum of lineshapes }, a;F;j(mi2, my3), where the F; are
J

resonant or nonresonant lineshapes, the amplitude fac-
tors are a; = cj(1+b;)e’%*9), the corresponding charge-
conjugate amplitude factors are a; = c;(1 — b;)e’ %700,
the direct CP asymmetries Acp = —2b/(1 + b?), the
¢; = B are the weak phases, and ¢; are the strong phases.
Figure 1 shows the measured Dalitz distributions for the
three modes, with the signal enhanced via a tight con-
straint on the NN output.

We measure an indication, at 2.80" significance, of
direct CP violation in the component B* — ¢K™':
Acp = (12.8 £4.4 + 1.3)%, with Standard Model expec-
tations of this quantity being in the range (0 —4.7)% [4].
We also measure the CP phase 8 in B — ¢K? to be
(21 £ 6 + 2)°, which is in good agreement with the
Standard Model expectation of equality with the 8 from
charmonium world average of (21 +0.8)°. Additionally,
we find that the “fx(1500)” is not a single resonance: we
find that it is far better described by a combination of
three well-established resonances: fo(1500), f;(1525),
and f,(1710).

3. Search for direct CP violation in B —» K{*{~

In B —» K{¢*¢", we measure CP-violating charge
asymmetries in the six modes B* — K*{*¢~, B* —
K¢ ¢, and B — K*0¢*¢~, where € = e or . (we also
measure the two modes B> — K°¢*¢~, but CP-violating
asymmetries are not measured in those two modes in our
recent results). In the SM, B — K™ ¢*¢~, is a combina-
tion of penguin and box diagrams, as shown in Fig. 2;
however new physics (for example the supersymmetric
diagrams shown in Fig. 3) can potentially enter at the
same order as the SM processes. In the SM, these direct
CP asymmetries are predicted to be of order 1073 [5],
however large enhancements (up to order 1) from new
physics are possible [6].
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Figure 1: Dalitz plots for B* — K*K~K* (top), B* — KJKK*
(middle), and B —» K*K~ KS (bottom). Points correspond to candi-
dates in data that pass the event selection, with an additional require-
ment on NN output, in order to enhance the signal.
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Figure 2: Lowest-order Feynman diagrams for b — s¢*¢~.
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Figure 3: Examples of new physics loop contributions to b — s¢*¢~:
(a) charged I:Iiggs (H™); (b) squark (7,&,i) and chargino (y7); (c)
squark (b, 3, d) and gluino (&) / neutralino ()(0).

We fully reconstruct each mode, and select events
using typical criteria [7]. We additionally reconstruct
the pure background (lepton-number-violating) modes
K™ hy to aid in studying hadronic background sources.
We exclude the Jiy and ¢(2S) mass regions, and use
those regions as control samples. Signal yield is ex-
tracted in the mgg variable. Figure 4 shows the mgg dis-
tribution for all K£*¢~ modes combined.

We measure the CP-violating charge asymmetries
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Figure 4: The mgs spectrum for all K£*¢~ modes combined, show-
ing data (points with error bars), the total fit (solid line), signal com-
ponent (short-dashed line), combinatorial background (long-dashed
line), hadrons misidentified as muons (dash-dotted line), and the sum
of cross-feed and peaking components (dotted line).

in bins of s = mé - Our measurements are in the fol-
lowing table:

s (GeVHN [ Ap(BY = K1) | Ap(B — K H6)

All -0.03+0.14+£0.01 | 0.03£0.13+0.01

0.10-8.12 0.02 £0.18 +£0.01

>10.11 —0.067022 + 0.01

~0.137078 £ 0.01

0.16*018 + 0.01

The values are consistent with SM expectations, within
the measured uncertainties. A plot of the measured CP
asymmetries as a function of s can be seen in Figure 5.

4. Observation of T violation using B" — J/y K°

A primary characteristic of B-factories is the produc-
tion of B’B” in an entangled state:

_§||_

v |B°(11)B°(82) = B(11)B"(12)]

N [BAt)B_(1) - B-)B.(1)], ()

where B, is a CP-even neutral B eigenstate and B_ is
the corresponding CP-odd eigenstate. As the 1°(4S) has
spin J = 1 and the B mesons have spin 0, we know that
L = 1, thus the B mesons must always remain in op-
posite states (i.e. when one oscillates, the other must as
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Figure 5: CP asymmetries Acp for K£*¢~ modes (red solid triangles)
and K*¢*¢~ modes (red open circles) as a function of s. The vertical
shaded bands show the vetoed s regions around the J/y and y(25).
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well, unless it has already decayed). Thus, to examine
T violation and CP violation independently, we can look
at the eight different possible transformations:

Reference | T-transformed
lab) B> B, B, — B°
2ab) B’ — B_ B_. > B
3a,b) B> B, B, —» B°
4ab) B — B_ B_. — B

Process 1a) experimentally corresponds to a measure-
ment of, for example, an ¢~ tag, corresponding to a B0,
on the “tag”-side (non-CP-eigenstate-decaying) neutral
B (implying that, at that time, the “signal” side is/was
a BY), and then afterwards, the signal-side neutral B de-
caying to, for example, J/WK?, a CP-even final state;
thus we could refer to 1a) as (£7, J/z//K?). Process 1b)
corresponds to the CP-even state being measured first;
thus, for example, we could measure the signal-side
neutral B decaying to J/y K?, implying that, at that in-
stant, the tag side was CP-even, and then the tag side
decaying to an £* tag, corresponding to a B°; thus we
could refer to 1b) as (Jiy K?, £*). Similarly, 2a,b) could
be referred to as (¢, Jiw K?) and (Ji K?, €*) respec-
tively; 3a,b) as (€%, JiK®) and (J/y K?, €7); and 4a,b)
as (£, JWK?) and (JKP, ¢7). Note that the CP-
transform of, for example, 1a) is not 1b), but rather 4a)
(and 2a)-3a), 1b)—4b), and 2b)-3b) are the other CP-
transform pairs).

Each of the eight transitions has a time-dependent de-
cay rate:
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Figure 6: The four independent T-violating asymmetries for transi-
tion a) B” — B_ (£*X,ccK?), b) B, — B (ccK?, ¢*X), c) B° — B,
(X, Iy K?), d) B- — B® (Jy K2, £*X). The points with error bars
represent the data, the solid and dashed curves represent the projec-
tions of the best fit results with and without 7' violation, respectively.
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with « being the tag flavor decay € {¢*X,( X}, B
being the negative or positive CP eigenstate decay €
{ceK?, Jiy K}, and the + or — indicating if the decay
to the flavor final state @ occurred before or after the
decay to the CP final state 8. Other parameters are the
average decay width I, the mass difference between the
B mass eigenstates Am,, and the measured C and S co-
efficients. The decay rate above is then convolved by
the measured resolution function on the decay time dif-
ference At = 7, — 73 between the decays to the flavor
and CP eigenstates, and then fitted to the data.
We measure the values [8]:

Result
—-1.37 £0.14 £ 0.06

Parameter

+ _ Q- _ o+
AST =S, 0= Sixo

AST=87 10 =S, 117 £0.18 £ 0.11
ACT=Cp = Cf o 0.10 + 0.14 = 0.08
ACT=Cl 0= Cro o 0.04 +0.14 + 0.08
ASGp=S7 0= Sig ~130£011007
ASep =Sy 40 =Sp 13320122006
ACH=Cl o= Clogw 0070092003
ACqp=Cp o =Cryo  008£0.10+0.04
ASipr =Sy~ Spoge  016£021£0.09
AScpr =87 g0 = Sp g —0.03£0.13£0.06
AC¢r =Crgo = Clyo 01420152007
ACGy = Clyy = Cryo  003£0.12:£008

+
T
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Figure 7: The central values (dot and square) and 2-dimensional con-
tours representing 1o~ — 60 confidence intervals for the pairs of 7-
asymmetry parameters (AS ;, AC}) (dashed curves) and (AS 7, ACY)
(solid curves). Systematic uncertainties are included. The T-
invariance point is shown as a plus sign (+).
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where in each case the first uncertainty is statistical
and the second systematic. In the SM, we expect
AST = -AS; = AS5 = —-ASf = 2sin(2p) =
1.35 + 0.04 (twice the world average for sin(2()), and
ACT = ACE, = AS G = ACZ, = 0 (up to corrections
of, at maximum, order 1072); our measurements are all
consistent with these expectations. As noted in the Di
Domenico contribution to these proceedings [9], this is
the first observation of 7" violation which is fully exper-
imentally independent of CP violation, in any system.

5. Search for a T-odd correlation in D decays to
K*K'n*n~

In the SM, charm physics is approximately CP-
conserving, as CP-violating effects are only at order
4 and higher in the Cabibbo angle; CP-violating ef-
fects are expected to be of order 1073 at maximum.
These always-small effects are expected to be at their
largest in singly-Cabibbo-suppressed (SCS) modes; the
effects should be even smaller in Cabibbo-favored (CF)
and doubly-Cabibbo-suppressed channels [10]. The
LHCDb experiment has recently found evidence for a di-
rect CP-violating asymmetry in time-integrated D° de-
cays: Acp(K*K™) — Acp(n*n™) = (-82 2.1 £ 1.1) x
1073 [11], suggesting the possibility that new physics
could potentially be enhancing CP violation via loop di-
agrams [12]. We thus investigate the related SCS mode
D* — K*K°7*n~ and CF mode DY — K*K’n*n~.

We select D, — K*Kn*z~ in on- and off-peak data
via fully reconstructing each decay. Figure 8 shows the
invariant mass peak for the two decays; we reconstruct
21210 + 392 D decays and 29791 + 337 DY decays to
this channel. The primary background is combinatorial
background from D* — Kontntn~.
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Figure 8: The K+K2n+n‘ mass spectrum in the (a) D* and (b) D}
mass regions. The distributions of the pull values are also shown.

The T-odd correlation observable is built from the fi-
nal state momenta: we can define Cr = P+ (Fr+ X Pr-),
and then define the asymmetry observable

_I(Cr > 0) - I(Cr < 0)
T I(Cr>0)+T(Cr <0)

Ar 4)
Final state interactions could, however, produce Ay # 0
due to strong phases [13]; such effects can be removed
by defining and measuring Ay = %(AT — A7), where A
is defined on the CP-conjugate process [14].

We thus measure the values Ar(D) = (-12.0+10.0+
4.6)x1073 and Ap(D}) = (-=13.6+7.7+£3.4)x1073 [15].
These values are consistent with the SM expectation of
0(107%), and also consistent with previous (less precise)
results from other experiments [16].

6. Search for CP violation in T decays to K’z v,

Little CP violation is expected in 7 decays in the SM;
in final states containing K, a small O(1073) Acp is ex-
pected due to CP violation in the kaon sector [17]. Inter-
ference between K? and K? thus plays an important role
in measurements of CP-violating asymmetries in such
final states. Assuming a K — n*z~ section efficiency
that is independent of decay times that are long com-
pared with the K? lifetime, one expects the CP asymme-

try
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Figure 9: Invariant mass distributions for (top) K% and (bottom)
K97 7 for 7 to KOTfVT and Koﬂ’novr respectively.
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_ It > 7t K%,) -T(x~ - 7 Kdv,)
- I > 7t K%) + Tt > 1 KPv;)

0 )
to equal (0.33 + 0.1)% for decay times that are of or-
der Tk [18]. New physics, however, could significantly
modify the measured asymmetry [19].

We select 757~ events via event shape criteria such
as thrust and pprompt; 77~ events are cleanly divided
into two hemispheres via their thrust. We select events
in which there is a single prompt track plus a K¥ in one
hemisphere, and one prompt tag lepton (e/u) with oppo-
site charge in the other hemisphere. The dominant back-
ground is due to 7 decays to KK?(NH’O)VT and ﬂKOEOVT;
this is estimated from Monte Carlo and corrected using
data sidebands. Figure 9 shows the reconstructed in-
variant mass distributions and the signal selection cuts.
We reconstruct approximately 170000 events of each of
77— K7y, and ° — K79, decays.

We measure the raw charge asymmetries
Ag(e—tag) = (=032 £ 0.23)% and Ap(u—tag) =
(=0.05 £ 0.27)%. However, the decay-rate asym-
metries will be modified by the different K° and
K° nuclear interaction cross-sections with detector
material [20]. We thus must compute corrections
on an event-by-event basis in terms of the p and
6 of the KO: A% (e—tag) = (0.14 £ 0.03)% and
A‘Ifg”(p—tag) = (0. f4 + 0.02)%; these corrections must

be subtracted from the raw asymmetries. We thus mea-
sure the final asymmetry Ap = (=0.45 £ 0.24 £ 0.11)%;
this is the first measurement of this quantity [21]. The
measurement is 3.10 from the SM prediction.

7. Conclusion

In B decays to three kaons, we measure an indication
of direct CP violation in the process B* — ¢K=* at 2.80
significance: Acp = (12.8 + 4.4 + 1.3)%, with Standard
Model expectations of this quantity being in the range
(0-4.7)%; and we measure the CP phase §in B" — ¢K?
to be (21 + 6 + 2)°, which is in good agreement with
the Standard Model expectation of equality with the 8
from charmonium world average of (21 + 0.8)° [3]. We
have searched for direct CP violation in B — K¢*t¢(~,
and measure overall direct CP asymmetries Acp(B* —
K*¢*¢-) = =0.03+£0.14+0.01 and Acp(B — K*€*(-) =
0.03 £ 0.13 = 0.01 [7]. We present the first observa-
tion of T violation that is truly experimentally indepen-
dent of CP violation [9], and we measure the parameters
AST = —1.37+0.14£0.06 and AS ;- = 1.17+0.18=0.11,
which constitute an observation of 7' violation at 140
significance, and which are consistent with the expec-
tations of AS7 = —AS} = 2sin(28) when assuming

CPT conservation (i.e. the Standard Model) [8]. In
D decays to K*K%n*n~, we measure the T-odd cor-
relations Ar(D) = (-12.0 £ 10.0 + 4.6) x 10~ and
Ar(D}) = (-13.6 £+ 7.7 £ 3.4) x 1073, which are con-
sistent with SM expectations of O(107%) [15]. And we
measure the CP-violating asymmetry Ap in 7 decays
to K77 v, to be (=0.45 + 0.24 + 0.11)%, a value 3.10
from the SM prediction [21]. These new measurements
show that BABAR continues to produce important new
results in multiple sectors on violations of fundamental
symmetries in nature, which are largely still statistics-
limited, and B physics has a very long and fruitful future
ahead of it.
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