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Abstract. The four general purpose detectors on the Tevatron (CDF, DO0) Bi@i(Atlas, CMS) hadron collid-
ers continue to make important measurements in the field of CP violation)(i@MBhadron physics. The CDF
collaboration presents new results in direct CPV of charmiiedscays, providing world-leading measurements
in b baryon decays, and finding evidence for non zero CPV in the dBgay K-z*. The DO Collaboration
presents measurements of the semileptonic mixing asymmeti@sind B2 mesons, with the former having a
precision exceeding the current world average. All four experimpatform time-dependent angular analysis
of the decayB? — J/y¢, enabling the extraction of the lifetimeftBrenceAl’s and the CPV phasgl?. In all
cases, the results obtained are consistent with each other, and with tti@rdtenrodel predictions.

1 Introduction In this article, measurements of all three classes of

The violation of CP symmetry (CPV) is one of the re- CPV are briefly described. For full details, please see

he original licati 7,9, 10, 12-1 f
quired ingredients of baryogenesis, through which the ini-thzrgir:‘gma publications [7, 9, 10, 5] and references

tial matter-antimatter symmetric state produced by the big

bang evolved into the matter dominated universe we ob-

serve today. In the standard model (SM), CPV inthe quarky Direct CP Violation in Charmless B
sector is driven entirely by a single complex phase in the Decays [7]

CKM gquark mixing matrix. All measurements to date are
consistent with this single-phase prediction [1]. However Within the past decade, direct CP violation has been ob-
the degree of CPV produced through this mechanism is farserved at greater thansSsignificance in the charmless
too small to explain matter dominance [2]. decayB® — K*z~. This unexpected result can be ac-

Mgasurements in the meson sector are .partlculalrly commodated, although it is not strongly constrained, by
sensitive to any complex phases introduced in quark interip o standard model, which predicts a similieet in the

actions, with several CPV observables having very Sma”corresponding charged mo@ — K*z0. Experimental

and precise predicti(_Jns in the SM, bUt_With large IOOSSibIedata, however, shows a significant discrepancy between
enhancements predicted by new physics models [3-6]. . the two modes, a puzzle that has fueled much interest in

CP\C/: PV can bﬁ broadly inlldzd mtort]hregélgsses. DlreCtthese charmless decay processes. Additional high pre-
occurs when a particle decay has ent rate to cision measurements, along with extensions into other

]tchetzj(;)orrﬁsponding charge-conjugate decay, and is quantiﬁadron systems, can aid in future understanding of such ef-
ied by the parameter fects, enabling SM predictions to be directly tested adains

r(B— f)-T(B— f) new physics models. Of particular interest is the decay
Acp = I[(B— f)+T(B— f) @) BY — K~x*, in which the SM prediction is very large, of
order 30%.

For neutral mesons, particle-antiparticle oscillatioms-p The CDF collaboration has performed a comprehen-
ceed via box-diagram mediated weak interactions, andsiv

. - . e study of direct CP violation in several charmless de-
CPV'in mixing can occur, whereby the rate of mixing cays ofb hadrons, based on®fb! of pp collisions at

5 PN .
F(B(s) I B(sf) IS dlfferent_ from the charge conjugate pro- V() = 1.96 TeV, collected at the Tevatron Collider in Fer-
cess. Finally, for a particular class of neutral meson de'milab [7]. Four decay modes are studid@?, — K*z-
cays, a single common final state can be reached W|tl*|3(s) - Kr (A9 pr, andz_\g - K-, The event sam-
ple is collected using a dedicated displaced track trigger,

or without an intermediat® meson oscillation. In such
cases, the direct and oscillated processes interferehand t and subsequentitine reconstruction is optimised to select
b — hh two-pronged decay vertices. The resulting invari-

overall complex phase driving CPV is the combination of
ant mass distribution, assumingran~ hypothesis for the

the decay and mixing phases.
3e-mail: markrjwilliams@gmail.com decay products, is shown in Fig. 1.
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CDF Run I PreliminaryJ’L dt = 9.30 fb? 4.50 from zero. Finally, samples of around 450 and 600
N _ events respectively are used to provide the worlds most
§ . We- ke B K precise measurements of the direct CPV parametarin
2 10°F - datal‘ We- <k A px decays:
E — tota .
S i HES Ao~ pr Acp(Al = pr7) = [7+7+3]%, )
5 1000 e e e Acp(Al - PK™) = [-9+8+4]%, )
0 Sy YU Multibody B decays which are consistent with zero in both cases.
% i [ ] Combinatorial bkg
e
T 10°F 3 CP Violation in Mixing [9-11]
S g
] - The presence of a non-zero complex phase in the CKM
J quark mixing matrix can lead to an asymmetry in the rate
10 of neutralB mesons oscillating into their antiparticles, and
hence to an asymmetry in the final state decay products
: following oscillation. This can be quantified in terms of
15.0 5.2 5 4 56 58 the semileptonic mixing asymmetry, defined as
My [GeVics q _ T(B§ — B — £X) (B - B} - ¢°X) ©

% (B — B — ¢+X) + (B — By — (-X)’
Figure 1. Invariant massM(xnr) for two-pronged charmless
hadronic decays, as reconstructed by the CDF experiment. Eighwhere the labet] = {d, s} denotes the flavor of the light
distinct decays are included in the signal model, including the valence quark in th& meson. The standard model pre-
four with distinct final state hadrons, on which the asymmetry dictions for bothag, andagI are dfectively negligible com-

analysis is performed. pared to the current experimental precision:
a} = (-0.041+0.006)% )
a = (0.0019+0.0003)% (8)

The vyields for each process and its charge conjugate _ )
are obtained by performing a multidimensional fit to the New physics models can lead to order-of-magnitude en-
data, including three kinematic variables: the square of’@ncements of these asymmetries. The recent evidence
the dipion mass, the scalar sum of the two final-statefOr & non-zero dimuon charge asymmetry by the DO ex-
hadron momenta, and the momentum imbalghee(p* — periment [11_] can be_ _mterpreteq as due to asymmetries
p)/(p* + p-), wherep*© is the momentum of the pos- N Mixing, _belng sensmv_e to the Ilnea_r gomblnatlo_nBS’f
itively (negatively) charged hadron. An additional *kaon- andB? mixing asymmetries. Under this interpretation, the

ness’ variable is also included to provide separation be-"ésult constrains a band in thﬂé’u( a;) plane which is in-
tween pions and kaons in the final state. consistent with the SM prediction at the 3.9 standard de-

The reconstructed yields are used to obtain the fun-viations level. As such, additional independent measure-

. ) d irad i i
damental decay asymmetries, after correcting for detecMents of botreg, anda; are required in order to constrain
tion asymmetries in kaon, pion and proton reconstruc-the Possible sources of new physicsBrmeson mixing

tion, which are obtained from dedicated sample®bf->  and decay. _ ,
7K~ andA® — pr~ decays. Production asymmetries are The DO Collaboration has recently published a mea-

assumed to be zero, due to the CP-symmetric injifal surement ok, using a large inclusive sample of semilep-
state. tonic decaysB2 — u*DgX, with Dy — ¢x~ [9]. This

For the decayB® — K*z-, a total of around 12000 analysis uses the full Tevatron Run Il samplepqf col-
’ .. . _1 .
signal events are reconstructed, and the direct CPV asym!!Sions, corresponding to around .20fb™ of integrated

metry is measured to be Iu_minosity. Following e_ver_lt selectipn using sing_le gnd
dimuon triggers, and a likelihood-ratio based multivagiat
Acp(B® - K*77) = [-8.3+ 1.3 + 0.3]%, 2 discriminant, a total of around 215 000 signal events are
reconstructed.

which is consistent and competitive with the existing Events are then weighted such that the total weight in
world average of£9.7 + 1.2)%. Here and elsewhere, the gach of the four detector magnet polarity configurations is
first quoted uncertainty is statistical, the second is syste  the same, a technique that causes many detector asymme-
atic. In the corresponding strange decBY,— K 7%, @  tries to cancel to first order, and which is enabled by the
total of around 900 signal events are used to determine regular reversal of both the toroidal (muon system) and

0 _ . solenoidal (tracking system) magnets during data collec-

Acp(B; » K™7r") = [22 £ 7 + 2]%, ®) tion. Weigh(ts are t;?picyally in)the rgange 0.95—91.00.

which is consistent with the corresponding value obtained ~ The raw asymmetry is defined simply in terms of the
by the LHCb Collaboration, (2Z8+ 2)% [8]. Combining ~ number of reconstructed events,
the B2 measurements from the two experiments, a com- A

X X : o _ Nepg —Nepg )
bined asymmetry of (22 + 5.4)% is obtained, which is " Nep: + Nep: '
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propriate mixing relation in the used to determine the frac-

S i DORun I, 10.4 fb™* tion of these mesons that have oscillated into their antipar
(&) . . . .
> 500~ ticle prior to decay, a number which is very close to 50%
a r | due to the high mixing frequenayM; with respect to the
 f < HH ““Illl_l particle lifetime.
% or | LA L m Combining these measurements using Eq. (10), the
.a'a j { | | semileptonic mixing asymmetry 82 mesons is measured
% 500" } to be
r 5 = (-1.12+0.74+0.17)% 11
L —— Signal Fit & ( + + )% (11)
7 R — Y This is consistent with both the SM prediction and with the
M (@T) [GeVic?] contours obtained from the DO dimuon asymmetry analy-
sis.
Figure 2. Difference between thil(¢x) distributions for pos- The DO Collaboration has also performed the equive-

itive and negative pions, used to extract the raw asymmetry oflent analysis orB° mesons, using the same dataset, in de-
B? — u*D;X events in the DO measurement of the mixing asym- caysB® — u*D®)" X [10]. Two independent decay chan-
metryag, [9]. nels are used to reconstruct the charm mesars, —
D%, D° — K*z~ (~520 000 signal events after magnet
weighting), andD~ — K*z~zn~ (~720 000 signal events
after magnet weighting). The analyses are performed sep-
arately, with the final measurements ag, being com-
bined.

The overall analysis strategy is the same as for the

s . ) . measurement od, although there are two principal dif-
Fig. 2; the consistency with zero asymmetry outside of theferences in the application of this method. Firstly, the

signal region demonstrates that the residual reconsbiucti mall value ofAMg with respect to thes® lifetime results

asymmetries are small. Charge-randomised ensemble tes?s o
. o ; . actiefy®on the
confirm that the fit is unbiased and returns the approprlateIn astrong dependence of the dilution fr Eﬁ

statistical uncertainty on the raw asymmetry. reconstructed depay Iength. pandidates with 5sh0rF decay
The raw asymmetry is related to the underlying physi- length are m<_)st likely to originate frora® mesons which
cal asymmetry via the relation have not osglllated, or from prompt production of charm
hadrons, while candidates at large decay lengths are most
s _ A-Asc (10) likely to originate from the decay of oscillat&®? mesons.
' Fost To exploit this behaviour, the analysis is performed in six
) ) . bins of visible proper decay length (VPDL), with the first
Here, Agg is the residual detector asymmetry remain- g pins used as a control region in which the observed
ing for reconstructing the final state particlgS8¢(— gy asymmetry should be dominated by detectteas.
K*K")x*, and FE¢ s the fraction of reconstructedDs Secondly, the presence of a single charged kaon in the
candidates that originate froB mesons which have os- final state significantly increases the reconstruction asym
cillated into their antiparticle prior to decay. This denom metries that must be subtracted in order to obtain the un-
inator is a dilution factor that accounts for other charge derlying mixing asymmetry. This is becaukeé mesons
symmetric sources qiD{ events, such aB* decay, di- have a significantly longer path length th&m mesons
rect decays oB2 mesons, and prompt production of charm while traversing the detector material (due to the absense
hadrons incorrectly associated with a reconstructed muonof a positive analogue df~p — A°n or other hyperon-
For this decay, the total residual detector asymmetryproducing interactions), and hence are more likely to be
is very small,Agc = (0.13 + 0.06)%. The largest com- reconstructed as charged tracks.
ponent is from muon reconstruction, at{0 + 0.03)%, Figure 3 shows an example of theffdrence fit for
which is measured usind/y — p*u~ decays using atag the most sensitive VPDL bin in theD* channel. The
and probe method. The pion reconstruction asymmetry issignificant raw asymmetry is expected as a result of the
determined to be negligible, using dedicated samples okaon reconstruction asymmetry, and can be compared with
K2 — n*n~ andK** — K2r* decays, and is assigned a Fig. 2 in which there is no single charged kaon in the final
systematic uncertainty af0.05%. There is a small addi- state. The overall background asymmetry correciga
tional asymmetry in the reconstruction ®f» K*K~ due is dominated by this kaonfect, and typically lies in the
to the underlying kaon asymmetry, in conjunction with the range 1.18-1.26%, depending on the channel and VPDL
asymmetric kinematics of this decay. The kaon asymmetryregion. In addition to the kaon asymmetry, the muon and
is measured iK*® — K*z~ decays, leading to an asym- pion reconstruction asymmetries are also taken into ac-

This is extracted using a simultaneous fit to Mépr) dis-
tribution for the sum of all eventsN,:p; + N,-p:] and

the diference between the charge-specific distributions
[Ns+p; = Ny-pz]. The diference distribution is shown in

metry A, = (0.020+ 0.002)%. count (in the latter case, just via an additional source of
The dilution factor=35° = 0.465+ 0.017 is determined  systematic uncertainty).
using Monte Carlo simulation. Around 93% of alD? The dilution factorFg® is determined to be around

candidates are found to originate fraBj decay; the ap- 0.01-0.02 for the controldregion, rising to around 0.70 for
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Figure 3. Difference between the invariant mass distributions ~ | I combination
AM = M(D°r*) — M(D°) for positive and negative pions, used * Standard Model L
to extract the raw asymmetry & — u*D*~ X events in the DO -0.04 -0.02 0 0.02
measurement of the mixing asymmeagf [9]. The significant ag
peak is expected due to the asymmetry in charged kaon recon |
struction.

Figure 4. Combination of measurements agl (DO [10] and
existing world-average from B factories [1]3; (DO [9]), and
the two impact-parameter-binned constraints from the same-
effect of theB2 mixing asymmetry, although contamina- the +1 standard deviation uncertainties on each measurement.
tion from B2 decays is small, of order 1-3%. The contri- The ellipses represent the 1, 2, 3, and 4 standard deviation two-
bution fromB* decays is the largest background, building dimensional confidence level regions of the combination.
from around 5-15% as the VPDL increases.
Eight individual measurements agl are made, com-
prising four VPDL regions for each of the two channels.
These are then combined into two channel-specific meagmplitudes ¢ = -28¢ = —arg[-VipVi/VaVid. The

surements, and finally into a single overall result, with all gy predicts a valuesg/‘”‘b — —0.04 + 0.01, whereas new

;:_orrelations properly taken into account in the combina- physics models can enhance this phase significantly.
ion:
Experimentally, the extraction of this phase presents

agl(,uD) = [0.43+£0.63+0.16]%, (12) several challenges. The vector-vector final state can
ad(uD*) = [092+062+016]% (13) takethree possible angular momentum configurations, and
ag,(combined) — [068+045+014]% (14) hence three polarizations, two CP-evdn £ 0,2) and

one CP-oddl{ = 1). In addition, there can be a contri-
This result is the most precise to date, with smaller un-bution fromJ/yK*K~, with non-resonant S-waué*K~.
certainties than the existing world average frddnfac-  The total decay amplitude hence comprises four distinct
tories. The DO results foag and ag, can be combined components, each of which exhibits a time dependence
with the constraints from the dimuon asymmetry [11], and that is a function of the underlying physical parameters
the existinga,‘s’I measurements from factories, in a two- (TS,AMS,AFS,¢§/ ‘”"’).

dimensional fit to obtain the following values: The decay width then contains ten terms, of which six

agl(comb.) = (0.07+027)% (15) are due to_interference_, and an angular analysis must be
< b) = (~1.67+054)% (16) performed in order to disentangle these components. !Each

a(comb. e 4 of the analyses presented here chooses the transversity ba-

where the two parameters have a correlatiorfiocient of ~ Sis to define the three angles, and uses simultation to deter-

—0.46. The fit returns &2 of 2.0 for 2 degrees-of-freedom. Mine the detector angular acceptance affidiency. The

The p-value of the combination with respect to the SM Physics parameters are extracted using a multidimensional

point is Q0037, corresponding to an inconsistency at thefit over the measured decay time, three angles, invariant

2.9 standard deviation level. The contours are shown inmass, and often additional variables which help to con-

Fig. 4. strain experimentalféects (such as the decay time resolu-
tion, or mass resolution).
4 CP Violation in Interference [12-15] Without knowledge of the initial flavorgQ or BY) at

production, the measured decay width is the average of the
For the procesB2 — J/y¢, the direct decay and the decay two relations, which introduces a twofold ambiguity into
following mixing B — B — J/y¢ interfere, giving sen-  the measurement Qﬁ/“’“’. A flavor-tagged analysis helps
sitivity to the relative phase between the mixing and decayto resolve this ambiguity, but adds additional complexity
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to the analysis and requires careful study to understand th&he final confidence region at the 68% C.L. are shown in
efficiency and mis-tag rate of the method. Fig. 5, in which an equivalent solution with negatit€

The CMS Collaboration has performed an untaggedhas been removed. The remaining region is consistent with
angular analysis of this decay, using 5¥iof pp collisions  the SM prediction.
at v(s) = 7 TeV [12], resulting in around 15 000 recon-
structed signal candidates. As a first step towards a full
measurement of the phase, they extract other parametef@ Summary
under the assumptiop** = 0; with this condition, the
B2 mass eigenstates are also well-defined CP-eigenstate§he general purpose detectors at the Tevatron and LHC
The lifetime and lifetime dference for heavy and light colliders have demonstrated the ability to perform precise

states are respectively measured to be measurements of CP-violation parameters, using innova-
tive techniques. The CDF Collaboration has performed an

crs = [4580+59+22]um, (17)  analysis of several charmless decay8®fadrons, provid-
Al's = [0.048+0.024+0.03] ps?, (18)  ing world-leading measurements of direct CPV parame-

L ) . i ters, and confirming the LHCb evidence for non-zero CPV
where the precision is constrained by the limited size of;, go _, k-, decays [7]. The DO Collaboration has mea-
o :
the data sample. _ sured the semileptonic mixing asymmetries in bBfrand
The Atlas Collaboration has also performed an un-go gecays with world-leading precision [9, 10]. The re-
tagged angular analysis, usin@4b™" of pp collisions at  g,jt5 agree with both the SM predictions, and the existing
V(s) = 7 TeV [13]. A total of around 23 000 signal can- easyrement of the same-charge dimuon asymmetry [11].
didates are reconstructed. The complex phase is measured 5| tq,r experiments have performed time-dependent
directly, along with other parameters. To resolve the aM-4ngular analysis of the dec&) — J/y¢ [12-15], with all

biguities arising from the untagged method, external con-oq s in agreement with the standard model predictions
straints are applied: the strong phaiseis constrained to ¢ o the Jifetime diferenceAl’s and the CP-violating

(2.95+ 0.39) as obtained by the LHCb Collaboration [16], phaseng/w. With the rapidly increasing dataset of Atlas

and the solution with negztl\ml"bs Is rejected. The physics 54 cMs, future measurements of these parameters should
parameters are measured to be have significantly better precision and rely less on exierna

A" = [0.22+0.41+0.10] rad (19)  imputs.
Al's = [0.053+0.021+ 0.008] ps?, (20)
s = [0.677+0.007+0.004] ps?. (21) References
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Figure 5. Summary of measurements [1] afe(*’,AT) from the decayB? — J/y¢, from the Atlas [13], CDF [14], DO [15] and
LHCDb [16] collaborations. Also shown is the corresponding measuneofehe lifetime diference from the CMS Collaboration [12].
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