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Abstract

We present theoretical and experimental preparationsrfdndirect
search for new physics (NP) using the rare ddgay— K*utpu—.
We design new observables with very small theoretical uaitgies
and good experimental resolution.

1 Introduction

At the start of the LHC we are confronted with the experimkfatet that all data on flavour ob-
servables from Babar, Belle, CLEO and also from DO and CDFansistent with the Standard
Model (SM) predictions [1]. This implies that generic newypits (NP) contributions ik — K
mixing for example guide us to a new-physics scald®f — 10* TeV depending if the new
contributions enter at loop- or tree-level. This is in sgaontrast to the working hypothesis of
the LHC that there is NP "around the corner”lateV in order to stabilise the Higgs boson mass.
Therefore, any NP at theTeV scale has to have a non-generic flavour structure and veetba
understand why new flavour-changing neutral currents (FCME€suppressed. Rare decays and
CP violating observables allow an analysis of this flavowbpem.

The crucial problem in the new physics search within flavdwsics is the optimal sepa-
ration of NP effects from hadronic uncertainties. It is welbwn that inclusive decay modes are
dominated by partonic contributions; non-perturbativer@ctions are in general rather small [2,
3]. Also ratios of exclusive decay modes such as asymmetreesell suited for the new-physics
search. Here large parts of the hadronic uncertaintiegapartancel out; for example, there are
CP asymmetries that are governed by one weak phase onlythdsadronic matrix elements
cancel out completely. It is the latter opportunity whicpnesents the general strategy followed
by LHCb for the construction of theoretically clean observables.

In this letter we briefly discuss the theoretical and expernital preparations for an indirect
NP search using the rare deday — K*°u* 1~ based on the QCDf/SCET approach [4]. QCD
corrections are included at the next-to-leading orderlland also the impact of the unknown
A/my, corrections is made explicit.

The exclusive decay,; — K*u*p~ was first observed at Belle [5]. It offers a rich phe-
nomenology of various kinematic distributions beyond theasurement of the branching ratio.
We note that some experimental analyses of those angutabdions are already presented by
the B factories [6, 7,9, 10]. Those experimental results alrdzalye a significant impact on the
model-independent constraints within the minimal flavaotation approach [8].

Large increase in statistics at LB11-13] forB; — K*Out 1~ will make much higher
precision measurements possible. There are also greattopities at the future (SupeiB)



factories in this respect [14-17].

Previously proposed angular distributions @#elviolating observables iB; — K*°ut i~
are reviewed in Ref. [23], and more recently QCDf analysesiioh angular distributions [24, 25]
and CP violating observables [26], based on the NLO resulRef. [27], were presented.

2 QCD factorization, SCET

Regarding the hadronic matrix elements of exclusive mottes,method of QCD-improved
factorization (QCDf) has been systemized for non-leptalgicays in the heavy-quark limit. This
method allows for a perturbative calculation of QCD corigtd to naive factorization and is the
basis for the up-to-date predictions for exclusive r8Brdecays in general [18].

A quantum field theoretical framework was proposed — knowteurthe name of soft-
collinear effective field theory (SCET) — which allows for aepper understanding of the QCDf
approach [19, 20]. In contrast to the heavy-quark effedtiemry (HQET), SCET does not cor-
respond to a local operator expansion. HQET is only apdicthB decays, when the energy
transfer to light hadrons is small, for exampleBo— D transitions at small recoil to th®
meson. HQET is not applicable, when some of the outgoingt figrticles have momenta of
ordermy; then one faces a multi scale problem that can be tackledn\®GET.

There are three scales: 4)= few x Aqcp the soft scale set by the typical energies and
momenta of the light degrees of freedom in the hadronic batates; b)n;, the hard scale
set by the heavy-quark mass and also by the energy of the final-state hadrtireiB-meson
rest frame; and c) the hard-collinear scale = /m;A appears through interactions between
soft and energetic modes in the initial and final states. Mmauahics of hard and hard-collinear
modes can be described perturbatively in the heavy-quari th, — oo. Thus, SCET de-
scribesB decays to light hadrons with energies much larger than thesses, assuming that
their constituents have momenta collinear to the hadron embum.

However, we emphasize that within the QCDf/SCET approachergeral, quantitative
method to estimate the importari/m,; corrections to the heavy-quark limit is missing which
has important phenomenological consequences.

A careful choice of observables needs to be made to takedudirdage of the exclusive
decay3; — K*Out+pu—, asonly in certain ratios such @ and forward-backward asymmetries,
the hadronic uncertainties cancel out making such ratiesotily observables that are highly
sensitive to NP.

Within the QCDf/SCET approach one finds crucial form factations [21] which sim-
plify the theoretical structure of various kinematicaltdsutions such that, at least at the leading
order (LO) level any hadronic uncertainties cancel out. Aldown example of this is the
zero-crossing of the forward-backward asymmetry. In [4 rdbservables of this kind in the
By — K*%u* i~ decay were proposed which have very small theoretical tainties and good
experimental resolution. The only difference to the fomvlackward asymmetry is that within
these new observables the hadronic form factors canceboall fvalues of the dilepton mass.



3 Theoretical preiminaries

The decay3; — K*0¢t¢~ with K*° — K—7t on the mass shell is completely described by
four independent kinematic variables, the lepton-paiaiiant mass squareg?, and the three
angles;, 0k, . Summing over the spins of the final particles, the diffdetrmtecay distribution

of By — K*¢+¢~ can be written as [28-31]:

d4FE 9
= 1(4%,6,,60 in 0 sin 0
dq2 del deK d(b 397 (q yVILVK, (b) Sm U S UK

with

I = I+ Ircos20; + I3sin® §; cos 2¢ + I, sin 26; cos ¢ + I5 sin 6; cos ¢
+1Ig cos 0 + I7sin 0; sin ¢ + Ig sin 26; sin ¢ + I sin? 6; sin 2¢.

The; depend on products of the seven compléxspin amplitudesA | 1 /g, A r: Aoz R At

with each of these a function qF; the explicit formulae are given in the appendi, is related

to the time-like component of the virtu& *, which does not contribute in the case of massless
leptons and can be neglected if the lepton mass is small ipanson to the mass of the lepton
pair. We will consider this case in our present analysis.

The six complexiK* spin amplitudes of the massless case are related to thekmadin
helicity amplitudes (used for example in [29, 30, 32]):

A= (Hu FH-1)/V2, A= Ho. 1)

The crucial theoretical input we use in our analysis is theeokation that in the limit
where the initial hadron is heavy and the final meson has a kemgrgy [21] the hadronic form
factors can be expanded in the small ratiagcp /m, and Aqep/E, whereE is the energy of
the light meson. Neglecting corrections of ordégin, andag, the seven a priori independent
B — K* form factors reduce to two universal form factgrs and¢ [21,22] and one finds that
the spin amplitudes at leading orderlifvn;, anda have a very simple form:
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with 8 = ¢?/m%, "; = m;/mp. Here we neglected terms 6f(m3.). It is important to
mention that the theoretical simplifications are restddie the kinematic region in which the
energy of thek’* is of the order of the heavy quark mass, §&< m%. Moreover, the influences
of very light resonances below@eV question the QCD factorization results in that region. Thus
we will confine our analysis of all observables to the dileptoass in the rangeGeV? < ¢2 <
6GeV2.



4 Construction of theoretically clean observables

By inspection one finds that the distribution functiohsin the differential decay distribution
(see Eq. (10)) arenvariant under three symmetry transformations which are given eitigli

in the appendix (see Egs. (11-13)). This implies that onlyf the 12 K* spin amplitudes are
independent and that they can be fixed by an full angular fit to the 9 indepahdoefficients of
the differential decay distribution. Another direct coggence is that any observable based on the
differential decay distribution has also to be invariandemthe same symmetry transformations.

Besides this mandatory criterium there are further cateequired for an interesting ob-
servable. Simplicity:] A simple functional dependence on the 9 independent mebkudistri-
bution functions; at best it should depend only from one aritwthe numerator and denominator
of an asymmetry. ¢leanliness:] At leading order inA/m; and ina; the observable should be
independent of any form factor, at best for @l Also the influence of symmetry-breaking cor-
rections at orderys and at orderl/m; should be minimal. $ensitivity:] The sensitivity to the

C;(eff) Wilson coefficient representing NP with another chiralitarn in the SM should be max-
imal. [Precision:] The experimental precision obtainable should be good gmada distinguish
different NP models.

In the limit where theK** meson has a large energy, only two independent form factors
occur inAgr,gr and inA, ;g and Ay g. Clearly, any ratio of two of the nine measurable
distribution functions proportional to the same form fadtdfil the criterium of symmetry, sim-
plicity, and theoretical cleanliness up 4g'm; anda; corrections. However, the third criterium,

a sensitivity to a special kind of NP and the subsequent reopgnt of experimental precision,
singles out particular combinations. In [4] we focused ow night-handed currents. Other NP
sensitivities may single out other observables as will ldyesed in a forthcoming paper [33].

5 Results
The first surprising result is that the previously proposedm]ityAgpl) [29],

A _D-=Dy  “2RA4AD 3)
T T_+4T1  JALP+(A)2

with T = |HE,|? + |HE,|? does not fulfil the most important criterium of symmetry vehit

has very attractive new physics sensitivity [24, 25]. Tlane it is not possible to extracAgpl)
from the full angular distribution which is constructedesifsumming over the spins of the final
particles. Because it seems practically not possible tesareahe helicity of the final states on
a event-by-event basis,A(Tl) cannot be measured at either LBIGr at a SupeiB factory with
electrons or muons in the final state.

One finds that the well-known quantities, the forward-baaidvasymmetryArg and the
longitudinal K* polarization £, fulfill the symmetry but they include larger theoretical enc
tainties due to the fact that the form factors do not cancidading order level for all dilepton
masses. Moreover, the sensitivity to right-handed cuwsrisrinarginal as it is shown below,
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Fig. 1: ForA'?, theoretical errors (top), experimental errors (bottomaidunction of the squared dimuon mass, see
text for details.
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Fig. 3: Agf‘), as in Fig.1.

0.15

0.10

0.05

—-0.05 F

-0.10}

-0.15 L L - - -0.15

Fig. 4: Arp, asin Fig.1.
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In contrast, the following three observables,
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are theoretically clean foall dilepton masses and also show a very high sensitivity ta-righ
handed currents.

In the following figures the results on the observables, Arg, Aé?), Agf)’), and Agfl)
are illustrated: For all the observables the theoreticakisigity is plotted on the top of each
figure. The thin dark line is the central NLO result for the Siwiaghe narrow inner dark (orange)
band that surrounds it corresponds to the NLO SM uncertaimtile to both input parameters and
perturbative scale dependence. Light grey (green) baedhaestimated /m;+5% corrections
for each spin amplitude while darker grey (green) ones aertbre conservative /m;, + 10%
corrections. The curves labelled (a)—(d) correspond to fliffierent benchmark points in the
MSSM for righthanded currents (for more details see [4]).e Blxperimental sensitivity for a
dataset corresponding to 10fbof LHCb data is given in each figure on the bottom, assuming
the SM. Here the solid (red) line shows the median extracted the fit to the ensemble of data
and the dashed (black) line shows the theoretical inputiloligsion. The inner and outer bands
correspond tod and 2 experimental errors.

The observableslg) and A?FA‘) offer sensitivity to the longitudinal spin amplitudéz, r
in a controlled way compared to the old observable the dependence on both the parallel and
perpendicular soft form factor§; (0) and¢, (0) cancels at LO. A residual of this dependence
may appear at NLO, but as shown in Figs. 2 and 3, it is basicegligible. It is also remark-

able that forAg,‘f’) and Agfl) at low ¢? the impact of this uncertainty is less important than the
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Fig. 6: Belle (black/blue) and BaBar (grey/red) data poamig'r, and onA g with SM predictions and weighted SM
averages over the byt € [1 GeV?, 6 GeV?]

uncertainties due to input parameters and scale depend‘élmee)bservableﬂgg’) andAgfl) also

present a different sensitivity tb', via their dependence oty r compared With4§?). This may
allow for a particularly interesting cross check of the #riy to this chirality flipped operator
(’)'7; for instance, new contributions coming from tensor scaéard pseudo-scalars will behave
differently among the set of observables.

Another remarkable point that becomes clear when compé#hringet of clean observables
A(TQ), Ag) andAgf‘) versus the old observablég, and Arp concerns the potential discovery of
NP, in particular of new right-handed currents. There argelaleviations from the SM curve
from the ones of the four supersymmetric benchmark pointdarge deviation from the SM
for A%?), Agi)’) or Agfl) can thus show the presence of right-handed currents in alveayst not
possible withF';, or Apg. In the latter cases the deviations from the SM predictiothefsame
four representative curves are marginal.

In the experimental plots we find a good agreement betweeoethieal values extracted
from the fits and the theoretical input. Any deviations seensmall compared to the statistical
uncertainties. The experimental resolution fgris very good but with the small deviations from
the SM expected this is not helpful in the discovery of nevitrdiganded currents. Comparing
the theoretical and experimental figures for the other aladdes it can be seen that in particular

Agf’) show great promise to distinguish between NP models.

Finally, let us mention that the old observablgés and Arp are already accessible to the
BaBar [10, 34] and Belle [35] experiments. The first meas@ams are shown in Fig. 6 with
the SM predictions and the weighted SM averages over the/bia [1 GeVZ, 6 GeV2]. All
the present data is compatible with the SM predictions. kanmple, the first measurement of
the Babar collaboration of, in the low-? region is given as an average over the binc
[4m?,6.25 GeV?]:

Fp([4m?;,6.25 GeV?]) = 0.35 £ 0.16 & 0.04; (8)

while the theoretical average, weighted over the rate gusia bin,g> € [1 GeVZ, 6 GeV?],
based on our results is given by:

Fr([1GeV?, 6 GeV?]) = 0.86 70 0z. (9)



Here, one should keep in mind that the spectrum bel@w\? is theoretically problematic due

to the influence of very light resonances; moreover the rateaso the polarisatiod’;, are
changing dramatically around@eV?. Therefore, we strongly recommend to use the standard
bin from 1GeV? to 6GeV? in all future measurements.

6 Summary

The full angular analysis of the decBy, — K*u*p~ at the LHG experiment offers great
opportunities for the new physics search. New observaldasbe designed to be sensitive to
a specific kind of NP operator within the model-independeralysis using the effective field

theory approach. The new observab,lfe%), Ag’) and Agf‘) are shown to be highly sensitive to
right handed currents. Clearly, theoretical progress enlfhn; corrections would enhance their
sensitivity significantly and would be highly desirable isw of a possible upgrade of the LHC

experiment. Moreover, we have shown that the previouslyudised angular distributioﬂgpl)
cannot be measured at either LbIGr at a SupeB factory.
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Appendix
We add here the explicit formula for the distribution fuocis and their symmetries:
In the massless limit, the distribution functiohsdepend on products of the six complex

K* Spin amplitUdESAJ_L/R, AHL/R’ AOL/R:
— § 2 2 2 2 2 2
L, = 4(’AJ_L’ —l—’AHL‘ +(L—>R)) Sin 9K++(‘AOL’ + |Aor| )COS O
= asin?fOx + beos? Ok,
1 .
I, = Z(’AJ_LF‘F‘A||L‘2)Sln29[{+—’AQL‘2COS29K+(L—>R)

= csin?0x + dcos? O,

I3 = % (’AJ_L‘Z— ’A|L‘2)Sin29K+(L—>R):| Eesin29[{,
1

I, = — [EFE(AOLATL) sin 20k + (L — R)] = fsin 20k,
V2

Iy = V2|R(Ay A% L) sin20k — (L — R)] = ¢sin 20k,

Is = 2[%(A||LA1L) sin?fx — (L — R)] = hsin’ Ay,

I; = V2 S(AgpAjp)sin 20k — (L — R)] = jsin 20k,

Iy = % [%(AOLAEL) sin20x + (L — R)] = ksin 20,



Iy = |S(A)LALL) sin? @ + (L — R)| = msin® 0. (10)

Taking into account. = 3c andb = —d, we are left with 9 independent parameters which can
be fixed experimentally in a full angular fit.

The distribution functions argwariant under the following three independent symmetry
transformations of the spin amplitudes as one easily vsyifising the explicit formulae given
above: (1) a global phase transformation of framplitudes

’

Al =€ AL, Ay = PP AL, Ay = €77 Aoy (11)
(2) a global transformation of thB-amplitudes

A=A g, Ajp =" A, Agp =" Ag; (12)
and (3) a continuoug — R rotation

Al =+cosOA  +sinfA% 5, A p = —sinfA% + cosfA
AéL = 4 cosHApL —sinbAyp, AE)R = +sinf Ay, + cos 0 Apr
Ayp = +cos0A, —sinfAr,, Ajp=+sin0A7, + cos0A)g. (13)

References

[1] M. Artusoet al., arXiv:0801.1833 [hep-ph].

[2] T.Hurth, Rev. Mod. Phys75 (2003) 1159 [arXiv:hep-ph/0212304].

[3] T.Hurth, Int. 3. Mod. Phys. &2 (2007) 1781 [arXiv:hep-ph/0703226].

[4] U. Egede, T. Hurth, J. Matias, M. Ramon and W. Reece, af807.2589 [hep-ph].

[5] A.lIshikawaet al. [Belle Collaboration], Phys. Rev. Lef1 (2003) 261601 [arXiv:hep-ex/0308044].
[6] B. Aubertet al. [BABAR Collaboration], Phys. Rev. Letfl1 (2003) 221802 [arXiv:hep-ex/0308042].
[7] A.lshikawaet al., Phys. Rev. Lett96 (2006) 251801 [arXiv:hep-ex/0603018].

[8] T.Hurth, G. Isidori, J. F. Kamenik and F. Mescia, arXigy.5039 [hep-ph].

[9] B. Aubertet al. [BABAR Collaboration], Phys. Rev. O3 (2006) 092001 [arXiv:hep-ex/0604007].
[10] B. Aubertet al. [BABAR Collaboration], arXiv:0804.4412 [hep-ex].

[11] J. Dickens, V. Gibson, C. Lazzeroni and M. Patel, CERNEB-2007-038.

[12] J. Dickens, V. Gibson, C. Lazzeroni and M. Patel, CERNEB-2007-039.

[13] U. Egede, CERN-LHCB-2007-057.

[14] T. Browder, M. Ciuchini, T. Gershon, M. Hazumi, T. Hurtii Okada and A. Stocchi, JHEBB02 (2008) 110
[arXiv:0710.3799 [hep-ph]].

[15] M. Bonaet al., arXiv:0709.0451 [hep-ex].

[16] J.L..Hewettet al., arXiv:hep-ph/0503261.

[17] A.G. Akeroydet al. [SuperKEKB Physics Working Group], arXiv:hep-ex/0406071

[18] M. Beneke, G. Buchalla, M. Neubert and C. T. SachrajdigsPRev. Lett83 (1999) 1914.

[19] C. W. Bauer, S. Fleming, D. Pirjol and I. W. Stewart, Phgev. D63 (2001) 114020 [arXiv:hep-ph/0011336].
[20] M. Beneke, A. P. Chapovsky, M. Diehl and T. Feldmann, NBbays. B643 (2002) 431 [arXiv:hep-ph/0206152].



[21] J. Charles, A. Le Yaouanc, L. Oliver, O. Péne, and JR&ynal, Phys. Rev. B0, 014001 (1999); Phys. Lett.
B 451, 187 (1999). See also M. J. Dugan and B. Grinstidiial. 255, 583 (1991).

[22] M. Beneke and T. Feldmann, Nucl. Phys5& (2001) 3 [hep-ph/0008255].
[23] F. Kriiger, Chapter 2.17 of Ref. [16].

[24] F. Kruger and J. Matias, Phys. Rev.7, 094009 (2005);

[25] E. Lunghi and J. Matias, JHEBY04 (2007) 058 [arXiv:hep-ph/0612166].
[26] C. Bobeth, G. Hiller and G. Piranishvili, arXiv:080525 [hep-ph].

[27] M. Beneke, T. Feldmann and D. Seidel, Nucl. Phy$1R (2001) 25 [arXiv:hep-ph/0106067]; Eur. Phys. J. C
41 (2005) 173 [arXiv:hep-ph/0412400].

[28] F. Kriiger, L. M. Sehgal, N. Sinha, and R. Sinha, Phys. Re61, 114028 (2000)63, 019901 (E) (2001).
[29] D. Melikhov, N. Nikitin, and S. Simula, Phys. Lett. 4812, 381 (1998).

[30] C.S.Kim,Y.G.Kim, C.-D. LU, and T. Morozumi, Phys. Ré&¥ 62, 034013 (2000).

[31] A. Faessler, T. Gutsche, M. A. lvanov, J. G. Korner, ah&. Lyubovitskij, EPJdirec€4, 18 (2002).
[32] A.Aliand A. S. Safir, Eur. Phys. J. 25, 583 (2002).

[33] U. Egede,T. Hurth,J. Matias,M. Ramon and W. Reece, @p@ration.

[34] Talk by K.Flood (BaBar collaboration) at ICHEP2008ed#tp://ichep08.com/ .

[35] Talk by J.-T.Wei (Belle collaboration) at ICHEP200&geshttp://ichep08.com/ .



