PROCEEDINGS

OF SCIENCE

Extraction of y from three-body B decays

Bhubanjyoti Bhattacharya and David London

Physique des Particules, Université de Montréal,

C.P. 6128, succ. centre-ville, Montréal, QC, Canada H3C 3J7

E-mail: bhuj yo@ ps. unontreal . ca,l ondon@ ps. unontreal . ca

Maxime Imbeault*

Département de physique, Cégep de Saint-Laurent,

625, avenue Sainte-Croix, Montréal, QC, Canada H4L 3X7
E-mail: m nbeaul t @egep-st-1aurent.qc.ca

Using the B\BAR measurements of the Dalitz plots for the dec®fs— K+ m’m, B? —
KOorrtmr, BY — Kt , BY — KTKOK—, andB® — K°K°K?, we demonstrate that it is pos-
sible to cleanly extract the weak phage An advantage of this Dalitz-plot method is that one
can obtain many independent measuremenis tifereby reducing its statistical error. An accu-
rate determination of the errors, however, requires datdihowledge of the data. Hopefully, an
experimental group will repeat the analysis, and obtaicipesvalues of the errors.

The European Physical Society Conference on High Energgi®hyEPS-HEP2013
18-24 July 2013
Stockholm, Sweden

*Speaker.

(© Copyright owned by the author(s) under the terms of the Cre@vmmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



Extraction ofy from three-body B decays Maxime Imbeault

1. Introduction

In B physics, the standard way of testing the standard model (SM) is by measheithree
anglesa, B andy of the unitarity triangle in a number of different processes, and lookingémn-
sistencies. Now, despite all the efforts that were done in this vein, estadblisiect measurements
of y based on two-bodB decays still suffer from large experimental uncertainties. In this talk, we
present a method for implementing new constrainty/ arsing the three-body decaigs— Kt
andB — KKK. The content is based on Ref. [1].

For the general problem of extracting a weak phase from a dgeayf, the ideal candidate
is a process for which (i) the final statds a CP eigenstate and (ii) the amplitude contains a single
contribution, so that there is no pollution due to interferences. In suches ttee measurement of
the time-dependent CP asymmetry is sufficient to cleanly extract the condigg weak phase.
A perfect example of this is the golden moB& — J/@Ks, from which the angle8 is obtained
with good precision. There is no such prototype process for threg-Batkcays, and a certain
number of general problems are encountered in extracting any weede piformation from these
modes. First, the final state is not, in general, a CP eigenstate. As an exéonple decay
B? — K¢ttt f can be either even or odd under CP, depending on the state of relagiuian
momentum of the pair of pions. This is a major complication because it means thaieeds
first to separate the CP states of a given process before extractingeakyphase information
from the data. This separation of CP components can be done by cdinstiare amplitude that is
symmetric or antisymmetric under the exchange of the two pions. In section @eseeibe how
this can be performed using the results of Dalitz-plot fits.

A second problem is the fact that the amplitude of a three-tB®diecay process usually
involves several different contributions. It was shown in Ref. [2]t tiay such decay can be
expressed in terms of ten graphical diagrams (neglecting power-sgggreontributions from
weak-annihilation topologies): gluonic penguir%c(and I’C), color-allowed trees'l(l’z), color-
suppressed tree@i(z), color-allowed electroweak-penguins (EWPBQ\Q,LZ) and color-suppressed
EWP’s (Pé‘f,v172). This large number of diagrams implies that any extraction of weak-phfsenia-
tion from three-bodyB decays has to deal with a large number of hadronic theoretical parameters
Thus, a single mode is not sufficient. Instead, one must consider asatevhl decays, all related
by a flavor symmetry and written in terms of the same diagrams. In the currenbanesuming
flavor-SU(3) symmetry, the following five decays are consideB2d= K™, B® — KO,

BY — KTKOK~, B® — K°KK? andB*t — Kttt 71, The last one is not required for extractipg
under full SU(3), but we use it in order to probe the leading-orderxcef SU(3) breaking. This is
described in detail in the following sections.

There are many unknown hadronic parameters to deal with, but it wasishdef. [3] that,
within flavor-SU(3) symmetry, tree and EWP diagrams are not indepertdemajood approxima-
tion. In the current method we use this fact to reduce the number of haghammmeters. However,
the tree-EWP relations require the final state to be fully symmetric. In ordexetthese relations,
and because of the CP-eigenstate problem discussed above, alidiaalcnsidered here have to
be fully symmetrized (and not symmetrized only with respect to the pair of piokaans).

Third, contrary to two-body decays, the amplitude of a three-body psoisemomentum de-
pendent. Thus, all diagrams are explicit functions of the momenta of thestia-particles, so
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that one cannot get values of gamma and all the hadronic parametera gloival fit to integrated
observables. The thing that has to be done is a fit for a given bin in the ntomepace and

to repeat it for all possible bins. Several valuesydre then obtained and need to be averaged
appropriately.

All of these problems can be overcome but they still imply technical difficultiekerimple-
mentation of the method, thus leading to numerical uncertainties in our findtisceBhiese cannot
be estimated rigorously without full access to the data, so that all numeegalts presented in
this talk should be regarded more as a pedagogical example than a firrofstiageart extraction
of y. Our aim is to demonstrate the principle of the method with the hope that experiistsrian
apply it directly to the data.

2. Description of the method

The procedure for extracting from B — K7rr and B — KKK decays can be summarized
in four steps. The first step is to construct a fully-symmetric amplitude from the Dalitz-plot
results. Consider a general decay m&de> PP,P;. One defines the three Mandelstam variables
sj = (pi + pj)% wherep; is the four-momentum oR. Only two of them are independent since
they obey the kinematic relatic, + Sp3+ S13 = Mg + Mé + m3 -+ m3, wheremg is the mass of the
B meson andn is the mass oR. The amplitude of the three-body decay is therefore basically a
complex function of two Mandelstam variable&(s; 2, s;3). In experimental Dalitz-plot analyses,
the isobar model is usually assumed Ags;2,S13) in a fit of the event distribution. Within this
framework, the amplitude is written as a sum of complex terms describing eduh @sonant and
nonresonant components of the decay. Explicitly,

A(S12,813) = JVijeiej Fj(S12,513) - (2.1)
]

Above, thecjeiei are complex coefficients obtained from the experimental fitfjlsre the dynam-
ical functions of the model, and” is a global normalization constant fixed by the requirement that
the integrated Dalitz plot reproduces the correct experimental branfrhctgpn of the decay. The
important point is that, within these assumptions, the amplitude and its momentuntdaepetare
fully measured by the fit. (On the other hand, the use of the isobar coeffidimaplies a model
dependence of the output.) It is now straightforward to construct the-$yllymetric amplitude
Ass(s12,S13) that has the correct CP properties [4]. Explicitly, it takes the form

1
Ass(S12,813) = %(A(Sl& S13) + A(S13,812) + A(S12,923)

+ A(S23,812) +A(S13,523) + A(S23,513)) - (2.2)

The second step is to construct a set of fully-symmetric observablesnalogy with the
standard branching fraction, direct CP asymmetry and indirect CP asyyioeércan define the

1in the talk they were presented as five steps, but it is more simple andacointhe written version to merge two
of them.
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following fully-symmetric observables for any given value of momenta of thel-fstate particles:
X(s12,%13) = |Ass(S12,%13) | + [Ass(S12, 513)[°
Y(s12,513) = |Ass(S12,13)|* — |Ass(S12,S13) |2
Z(s12,513) = Im (Af(S12,513)Ars(S12,513) ) (2.3)
where the observablé(s;»,s13) applies only to those decays for which the final state is accessible
to both theB® and theB® mesons. For the five decays we consider in the method we then have,
in principle, 13 fully-symmetric observables: fi%és, five Y’s and threeZ’s (for B — Kot 1,
B® — K*K9K~ andB® — K°K®K"Y). This is the set of observables we use to fitjfor
In step three, we obtain a theoretical expression for each of the @lbesy This is done
by writing the fully-symmetric amplitude of each of the five considered decaysywgraphical
diagrams as described in Ref. [2]. After using the tree-EWP relations@nbining diagrams that
always appear in the same linear combination, we get the following expmessio

2A(B° — Km0 )s = be¥ — ke,
V2AB? — KOt i1 ) = —d€é¥ — P &Y —a+«d,
V2ABY 5 KTt ) = —cd’— B & —a+ kb,
V2A(B? — KKK ™)t = agyg)(—ce’ — P ¥ —a+kb) ,

A(B® — KKKP)s = asyg) (P +a) , (2.4)
wherea, b, c andd are four effective diagrams defined as
~ 2 1 1
a= B, tk <3T1'+3c'1+3cg> b=T{+Ch, c=T44C, d=T{+C,,  (25)

andasys) is a complex number parametrizing the leading-order SU(3) breaking beBveeK rirt
andB — KKK decays.

There are several important comments regarding the above two equdtiosts.even if the
momentum dependence is not written explicitly, all of the above diagramsrartdns of the mo-
menta of the final-state particles. SecoA(B* — K" )t andA(B® — K+KK~)s are iden-
tical under flavor-SU(3) symmetry. This can be seen explicitly in Eq. (Y4ditingasyz) = 1.
Although agys) is @ complex number, its phase always cancels when calculating fully-symmetric
observables as in Eq. (2.3), so that its inclusion effectively adds oniygéesreal parameter in
the counting. Finally, it should be mentioned that approximate SU(3) relatiens used in or-
der to write all EWP’s in terms of trees in Egs. (2.4) and (2.5). These refatioply a direct
proportionalityPty; = KT/, where

3 Mt(s) ’ Co + C10

2 |)\LSS)] a+c’

(2.6)

and whereg;’s are Wilson coefficients of the effective electroweak hamiltonian/béﬁ)oE VopVps:

From the above, for each point in the momentum space there are, in priricipfleeoretical
parameters: 9 hadronic parameters (five magnitud@s.0é, b, ¢, d and their four relative strong
phases)|asyz) | andy. Thus, in step foury can be extracted for any given bin of the momentum
space and all these results can be averaged. In the next sectioneng mgixmerical example of
how this can be done in practice.
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3. Numerical example

In order to demonstrate how this method can be applied concretely to datasevibeupub-
lished results of Dalitz-plot analyses from thaBAR collaboration [5, 6, 7, 8, 9]. In these papers,
event distributions for the five decays of interest were fitted within the rsoloalel, and the com-
plex coefficientscje® of Eq. (2.1) extracted. As described in the previous section, we can then
construct fully-symmetric amplitudes and a set of fully-symmetric observéiesy given point
in the momentum space. But it is important to note that in four of these five qajher isobar
coefficients are quoted with statistical errors only. Therefore the folipwasultsdo notinclude
systematic effects, which are not negligible in general. In order to estimagsrthrebars of calcu-
lated fully-symmetric observables, we let all input isobar parameters viinynvtheir 1o ranges
and include correlations among these input numbers whenever this infonsagicovided. There
is another important remark about the set of input numbers. In RefA(Bf, — K°K°K?) was as-
sumed to be equal to its CP-conjugate amplitude. In order to be consistentigitfethave set the
gluonic penguin diagrar®) to zero, which reduces the number of theoretical parameters by two.
But, consistently, the CP-violating observab¥sndZ in this mode also vanish. This reduces
the number of observables by two so that there is no change in the couatangcé. Note that
this approximation is not expected to have a big impact on the output numbeestisis penguin
diagram is CKM suppressed and is expected to be sub-dominant compﬁ?@d

Since we do not work directly with the event distributions, in this numerical destnation we
do not perform a binning of the momentum space. Instead we considgulargrid of 50 points
with a resolution of 1 Ge¥. This is represented in Fig. 1. Note also that, since the observables
are fully symmetric by construction, the sample points are restricted to one $itktl Dalitz plot
in order to avoid multiple counting. At this point it is important to mention that, in theecur
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Figure 1: Kinematic boundaries and symmetry axe8of K rrrandB — KKK Dallitz plots. The symmetry
axes divide each plot into six zones, five of which are markéd 2he fifty dots in the region of overlap of
the first of six zones from all Dalitz plots are used for fhemeasurement.

numerical analysis, we doot include correlations among observables at different points of the
Dalitz plot. They can, in principle, be strongly correlated since they arelleaél from the same



Extraction ofy from three-body B decays Maxime Imbeault

constructed amplitudes, and not derived directly from the data. Thessatmns may have an
important effect on the errors of the final result. Note also that the clobicesolution of 1 Ge¥
is completelyad hoc There is no formal justification for this and it can also have a big effect on
the final error since the error of the average of thealues ofy extracted fromN points of the
Dalitz plot naively scales as/3/N. A more rigorous analysis needs to be performed directly from
the data in order to avoid these assumptions.

For each of the 50 points we perform a maximume-likelihood fit within three saen@n order
to test flavor-SU(3) breaking), and then combine all likelihood distributidnghe first scenario
(Fit 1), the modeB" — K* " it is excluded and full SU(3) is assumed by settiogys) | = 1.
In the second scenario (Fit 21sy(3)| is calculated using the ratio ofs from theB® — KKK~
andB" — K*tm"m modes, and is then used in the fit with the other modes. Finally, in the last
scenario (Fit 3)|asy(s)| is left as a free parameter and all five decays are fit simultaneously. The
combined—2AInL(y) distributions for these three analyses are presented in Fig. 2. All three
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Figure 2: Results of the maximum-likelihood fits. The solid (black)ei represents the fit assuming
flavor-SU(3) symmetry. The short dashes (red) represerfittivdere flavor-SU(3) breaking is fixed by a
point-by-point comparison of Dalitz plots f&" — K* " m~ andB® — K*K°K~. The long dashes (blue)
represent the fit with inputs from five Dallitz plots and an axtadronic fit parameteass)|-

scenarios produce very similar results, suggesting a small SU(3) bgedkiere are four favored
solutions, and this discrete ambiguity cannot be resolved without additiotgitle input. As an
example, the numerical results pfor Fit 1 are(317%)°, (77+2)°, (26173)° and(314+2)°. Itis
interesting to note that only one solution {J 7 consistent with established direct measurements
of y. Let us emphasize again that the small error bars obtained are a censeaf the choice

of the 1 GeV? grid, the fact that systematic effects are not included in the input numénetisthe
fact that we do not include correlations among observables at ditfpoénts of the Dalitz plots.
These numbers are pedagogical examples containing several assusiripiicihey are still values

of y extracted from data of three-bo®ydecays. This proves that such an extractanbe done.
This is the main point of this talk.

Finally, it is interesting to mention that the SU(3)-breaking parametgys | can be extracted
for each point of the Dalitz plot from th&'s andA’s independently. Averaging over the 50 points,
we find|agys) | = 0.97+0.04 (A's) or 0.99+0.04 (Es). These are consistent with one another and
are also consistent with unity, again pointing towards a small SU(3)-brgaiect. The bottom
line is that, even if SU(3) breaking is not under full control with the additiba single breaking
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parameter, all clues suggest a small effect.

4. Conclusion

In this talk, we have described a new method for extracting the anflem the data of
B — KrrrrandB — KKK decays, and we have demonstrated numerically that such an extraction can
be done. All numbers presented here contain several simplifying assmsygmthat they should
be regarded mostly as a pedagogical example. At present, it is impossibdiotpvhat would
be the output of a reproduction of this analysis performed directly frondaite and including all
statistical and correlation effects. But the fact is that three-li®dgcays can provide additional
constraints ory.
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