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� a�ect the Standard Modelpredictions for the rare decays P ! l+l�A.E.DorokhovJoint Institute for Nuclear Research, Bogoliubov Laboratory of Theoretical Physics,141980 Dubna, Moscow region, RussiaInstitute for Theoretical Problems of Microphysics, Moscow State University,119899 Moscow, RussiaSubmitted 12 January 2010Measuring the lepton anomalous magnetic moments (g � 2) and the rare decays of light pseudoscalarmesons into lepton pairs P ! l+l�, serve as important tests of the Standard Model. To reduce the theoreticaluncertainty in the standard model predictions, the data on the charge and transition form factors of the lightpseudoscalar mesons play a signi�cant role. Recently, new data on the behavior of the transition form factorsP ! 

� at large momentum transfer were supplied by the BABAR collaboration. There are several problemswith the theoretical interpretation of these data: 1) An unexpectedly slow decrease of the pion transition formfactor at high momenta, 2) the qualitative di�erence in the behavior of the pion form factor and the � and �0form factors at high momenta, 3) the inconsistency of the measured ratio of the � and �0 form factors with thepredicted one. We comment on the in
uence of the new BABAR data on the rare decay branchings.Modern cosmology tells us that 95% of the matterin the universe is not described in terms of the Stan-dard Model (SM) matter. New excitement appearedafter the satellite experiments Fermi LAT, PAMELA,ATIC, HESS and WMAP that provided data which givean indication interpreted as Dark Matter and/or Pulsarsignals. Thus the search for hints of Physics beyondSM is the fundamental problem of modern elementaryparticle physics. There are two strategies to solve thisproblem.Firstly, in high energy experiments an enormousamount of energy is applied in order to excite the heavydegrees of freedom expected to be associated with thenew physics. At the moment, there is not any evidenceon a deviation between the SM predictions and the highenergy data, and we are urgently waiting for the resultsof the physical program at LHC.Another strategy is to carry out low energy exper-iments, where the lack of energy is compensated by ahuge statistics producing rare processes related to thenew interactions. The low energy experiments are notonly supplement to the high energy program, allowingto get combined restrictions on the parameters of hy-pothetical interactions, but they are also unique instru-ment for the discovery of the physics beyond the SM,containing low mass particles. At the moment, there aresome problems with the matching of the experimentaldata with the predictions of the SM. The most famousone is the descrepancy by three standard deviations be-tween experiment [1] and SM theory [2] for the muonanomalous magnetic moment (AMM). Another example

is similarly large deviation between the recent preciseexperimental result on the rare �0 decay into e�e+ pair[3] and the SM prediction [4 { 7].At the early stage of the study of the lepton anom-alous magnetic moments, al = (gl � 2)=2, entering thestructure of the vector vertex�� = e
� + al ie2ml���q� ; (1)played a fundamental role in the foundations of quantummechanics and, in particular, of quantum �eld theory [8].At present, the accent of the study is shifted to the test ofthe SM and the search of the physics beyond it. Withinthe SM, the dominant contribution to the lepton AMMis due to the QED, supplemented by small, but visiblecorrections from the strong and weak interactions.The electron AMM is measured with one of the bestaccuracies obtained for physical observables [9]aexpe = 1159652180:73(0:28) � 10�12[0:28ppt]: (2)In the SM, it is given byaSMe = aQEDe + ahadrone + aweake ;aQEDe = 5Xn=1C2n ����n + :::; (3)where the �rst three coe�cients are known analyticallyand the two others in some approximations. If the �nestructure constant � would be known from other inde-pendent sources, the measurement of the electron AMM�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010 175



176 A. E.Dorokhovwould be a stringent test of QED. However, the theoret-ical error is dominated by the uncertainty in the inputvalue for the QED coupling constant �, and the prob-lem is reversed to that of obtaining a best estimate ofthe QED coupling constant [9]��1 = 137:035999084(51)[0:37ppb]: (4)The great feature of the study of the leptonic AMMis, that they are very sensitive to the manifestation ofnew physics. Any interaction with characteristic scale �contributes to the leptonic AMM like (ml=�)2. An al-ternative mechanism for a contribution by new physicswas proposed in [10]. It occurs at the tree level andexhibits a linear rather than quadratic dependence onml. Therefore, the heavier the lepton, the more visiblethe interaction. In this way, the contribution of an in-teraction to the muon AMM is bigger than that to theelectron AMM by a factor (m�=me)2 � 104. Even big-ger would be the e�ect for the � -lepton AMM. However,the � -lepton is highly unstable, and the measurement ofits AMM is problematic (see [11] for discussions). Atmoment, there are only very rough experimental limita-tions on the � -lepton AMM set by the L3 [12], OPAL[13] and DELPHI collaborations [14, 15],�0:052 < a� < 0:058; L3;�0:068 < a� < 0:065; OPAL; (5)�0:052 < a� < 0:013; DELPHIfrom Z ! ��
 and e+e� ! e+e��+�� processes, whilethe SM prediction is [11]aSM� = 1:17721(5) � 10�3: (6)The theoretical studies of the muon AMM g� 2 (seefor review [16 { 20]), the rare decays of light pseudoscalarmesons into lepton pairs [4 { 7] and the comparisonwith the experimental results, o�er an important low-energy tests of the SM. The discrepancy between thepresent SM prediction of the muon AMM and its exper-imental determination [1] is (24:6 � 8:0) � 10�10 (3:1�)[20]. The situation with the rare decays of the lightpseudoscalar mesons into lepton pairs became more in-triguing after the recent KTeV E799-II experiment atFermiLab [3] in which the pion decay into an electron-positron pair was measured with high accuracy usingthe KL ! 3� process as a source of tagged neutral pi-ons (R (P ! l+l�) = � (P ! l+l�) =�tot)RKTeV ��0 ! e+e�� = (7:49� 0:38) � 10�8: (7)The standard model prediction gives [4, 7]RTheor ��0 ! e+e�� = (6:2� 0:1) � 10�8; (8)

which is 3:1� below the KTeV result (7).The main limitation on realistic predictions for theseprocesses originates from the large distance contribu-tions of the strong sector of the SM, where perturbativeQCD does not work. In order to diminish the theoreti-cal uncertainties, the use of the experimental data on thepion charge and transition form factors are of crucial im-portance. The �rst one, measured in e+e� ! �+��(
)by CMD-2 [21], SND [22], KLOE [23], and BABAR [24]provides an estimate for the hadron vacuum polariza-tion contribution to muon g � 2, with accuracy betterthan 1%. The second one, measured in e+e� ! e+e�Pfor spacelike photons by CELLO [25], CLEO [26], andBABAR [27] collaborations and in e+e� ! P
 for time-like photons by the BABAR [28] collaboration, is essen-tial to reduce the theoretical uncertainties in the esti-mates of the contributions of the hadronic light-by-lightprocess to the muon g�2 and in the estimates of the de-cay widths of P ! l+l�. The BABAR data [28, 27] onthe large momentum behavior of the form factors causethe following problems for their theoretical interpreta-tion: 1) an unexpectedly slow decrease of the pion tran-sition form factor at high momenta [27], 2) the qual-itative di�erence in the behavior of the pion and �; �0form factors at high momenta [29], 3) inconsistency ofthe measured ratio of the �; �0 form factors with the pre-dicted one [28].In Figs.1{3 the data for the �0, � and �0 transitionform factors from the CELLO, CLEO, and BABAR col-
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Fig.2. The transition form factor 
�
 ! �. The data arefrom the CELLO [25], and CLEO [26] Collaborations. TheCLEO results obtained in di�erent � decay modes are aver-aged. The BABAR point, measured in the timelike region
� ! �
 [28], is drawn at Q2 = 112 GeV2, assuming thatthe spacelike and timelike asymptotics of the form factorare equal. (The notation for curves is explained in thetext)
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Fig.3. The transition form factor 
�
 ! �0. The dataare from the CELLO [25], and CLEO [26] Collaborations.The CLEO results obtained in di�erent �0 decay modesare averaged. The BABAR point, measured in the time-like region 
� ! �0
 [28], is drawn at Q2 = 112 GeV2,assuming that the spacelike and timelike asymptotics ofthe form factor are equal. The dashed line is the pertur-bative QCD asymptotic limit. (The notation for curves isexplained in the text)like asymptotics of the form factor are equal. It is seenfrom the Figs.2 and 3, that the spacelike and timelikepoints are conjugated. We hope that new data fromthe BABAR and BELLE collaborations con�rm this as-sumption.

At zero momentum transfer, the transition form fac-tor is �xed by the two-photon decay widthF 2P

�(0; 0) = 1(4��)2 64��(P ! 

)M3P ; (9)where � is the QED coupling constant, MP is the res-onance mass and �(P ! 

) is the two-photon partialwidth of the meson P . The axial anomaly predictsFP

�(0; 0) � 14�2fP ; (10)where fP is the meson decay constant. Under assump-tion of factorization, perturbative QCD predicts the as-ymptotic behavior of the F 2P

�(Q2; 0) transition formfactors as Q2 !1 [30]FP

�(Q2 !1; 0) � 2fPQ2 : (11)The perturbative QCD corrections to this expression atlarge momentum transfer are extremely small [31 { 34].To describe the soft nonperturbative region of Q2,a simple interpolation between Q2 ! 0 and Q2 ! 1limits has been proposed by Brodsky and Lepage (BL)[30]: FBL�

�(Q2; 0) = 14�2fP 11 +Q2=(�BLP )2 ;(�BLP )2 = 8�2f2P ; (12)where the values of fP are estimated from (9) and (10)[26]: f� = 92:3 MeV, f� = 97:5 MeV, f�0 = 74:4 MeV.The CLEO (and CELLO) collaboration parameter-ized their data by a formula similar to (12), but with thepole mass being a free �tting parameter [26],FCLEO�

� (Q2; 0) = 14�2fP 11 +Q2=�2P ; (13)where �� = 776 � 22 MeV, �� = 774 � 29 MeV, and��0 = 859� 28 MeV.In Figs.1{3 the asymptotics (11) are shown by dottedlines, the BL interpolations (12) are given by dot-dot-dashed lines, and the CLEO parametrizations extrapo-lated to higher momentum transfer (13) are shown bydot-dashed lines. We see that the QCD inspired expres-sion (12) works well only for the � meson form factorwith �BL� = q8�2f2� � 866 MeV (Fig.2), whereas theCLEO parametrization (13) underestimates the largeQ2behavior. On the other hand, the CLEO parametrizationdescribes the �0 meson form factor (Fig.3) well, but theBL expression strongly underestimates the large Q2 be-havior. We still have a good description of the �0 meson5 �¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010



178 A. E.Dorokhovform factor by BL formula if one takes f�0 = 125 MeV(short dashed line in Fig.3), but then the normalizationis incorrect.For the � and �0 mesons the parametrizations (12)and (13) correctly re
ect the experimental data at largeQ2 on the qualitative level. This is not the case for thepion form factor showing the growth at large Q2, whichis unexpected from the QCD factorization approach [34](Fig.1). However, this growth is easy to explain [35]in the context of the quark model [36]. Within thismodel, the pion form factor is given by the quark-loop(triangle) diagram with momentum independent quarkmass serving as an infrared regulator [37]. The formfactor has double logarithmic asymptotics at large Q2:ln2(Q2=M2q ) and is given by [36]F�

�(Q2; 0) = m2�m2� +Q2 12 arcsin2( m�2MQ )�f2 arcsin2( m�2MQ ) + 12 ln2 �Q + 1�Q � 1g: (14)where �Q = q1 + 4M2QQ2 . The solid line in Fig. 1 isthe pion transition form factor calculated from Eq. (14)with the parameter MQ = 135 MeV. The advantage ofthis model is, that it de�nes the form factor for arbi-trary virtuality of photons and has correct normaliza-tion at zero virtualities. One of disadvantages is, thatthe corresponding integral for the decay constant f� isdivergent and should be regularized. Another feature ofthe model is, that the vertices and propagators are local.In particular, the pion-to-quarks vertex is local, just likein the Nambu-Jona-Lasinio model. It is known, that inthis case the pion distribution amplitude and distribu-tion function are constants [38 { 41].The 
at (almost constant) pion distribution ampli-tude became popular in the context of the explanation ofthe BABAR data within di�erent factorization schemes[42 { 45]. For example, in the model [42] the pion tran-sition form factor isF�

�(Q2; 0) = 23 f�Q2 �� Z 10 dxx �1� exp�� xQ22�(1� x)�� : (15)and has logarithmically enhanced asymptotic behavior� log �Q2=2�� =Q2. In the kinematical range of Fig.1,the model (15) practically coincides with the model (14),if the parameter � = 0:48 GeV2. Note, that these log-arithmically enhanced models are not able to describethe �; �0 form factors.However, these approaches still contain some unan-swered questions. First of all, the relation of the para-

meter � in (15) (or m in [43]) to the fundamental QCDparameters is unclear. Secondly, the origin of the 
atdistribution amplitude is not well justi�ed. Most of theQCD sum rule and instanton model calculations leadto endpoint suppressed amplitudes (see, e.g. [46, 47]).This is a simple consequence of the nonlocal structureof the QCD vacuum. The pion-to-quarks vertex has itsown hadronic form factor with the characteristic scale ofthe vacuum nonlocality (the instanton size). It leads tosuppression, if realistic values of parameters are used.Only under the assumption that vacuum nonlocalitiesdisappear, a 
at pion distribution amplitude is obtained.Note, that the 
atness is a natural property of the pho-ton distribution amplitude, because the photon has nointrinsic hadronic form factor [48].The possible origin of the di�erence of the asymp-totic behavior of the pion and �; �0 meson form factorsis the 
avor composition of these mesons [29]. The pionconsists of almost massless u; d quarks, while the �; �0mesons include also an s quark. The s quark with massms of order �QCD may be considered as a heavy one.Recently, a similar behavior to that predicted by (13)was found for the 

� ! �c transition form factor,measured by the BABAR collaboration for the rangeQ2 = 2� 50 GeV2 [49]. The corresponding �tted massparameter is ��c = 2:92� 16 GeV.Let us consider the possible in
uence of the BABARdata on the rare leptonic decays of the light pseudoscalarmesons. Remind, that the imaginary part of the ampli-tude of these decays is �xed unambiguously by the two-photon decay widths of these mesons. Neglecting thereal part of the amplitude, the so called unitary boundis obtained1). In particular, one hasR ��0 ! e+e�� �� Runitary ��0 ! e+e�� = 4:69 � 10�8; (16)which is 7:3� below the branchingRKTeV ��0 ! e+e�� = (7:49� 0:38) � 10�8 obtained bythe KTeV collaboration [3].The structure of the real part of the amplitude wasconsidered in detail in [4 { 7]. It consists of the log-arithmic (model independent) terms ln(m2l =M2P ) andln(m2l =�2), a constant term related to the inverse mo-ment of the pion transition form factor in symmetrickinematicsA �q2 = 0� = 32 ln�m2e�2 �+ �P (�) ; (17)1)In general the unitary bound related to the two-photon in-termediate state is violated in the case of �0 meson where newthresholds appear.�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010
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� a�ect : : : 179Values of the branchings R �P ! l+l�� = � �P ! l+l�� =�tot obtained in our approach and compared with theavailable experimental resultsR Unitary CLEO+BABAR CLEO+BABAR With mass Experimentbound bound +OPE correctionsR ��0 ! e+e�� � 108 � 4:69 � 5:85� 0:03 6:23� 0:12 6:26 7:49 � 0:38 [3]R �� ! �+��� � 106 � 4:36 � 6:60� 0:12 5:35� 0:27 4:76 5:8� 0:8 [50, 51]R �� ! e+e�� � 109 � 1:78 � 4:27� 0:02 4:53� 0:09 5:19 � 2:7 � 104 [52]R ��0 ! �+��� � 107 � 1:35 � 1:44� 0:01 1:364� 0:010 1:24R ��0 ! e+e�� � 1010 � 0:36 � 1:121� 0:004 1:182� 0:014 1:83with �P (�) = �54 � 32 "Z �20 dtF�
�
� (t; t)� 1t ++ Z 1�2 dtF�
�
� (t; t)t � ;and of small mass corrections, �m2e=M2P �n, �m2e=�2�n,�M2P =�2�n, where � �M� is characteristic parameter ofthe form factor. As was explained in [4], the data on thetransition form factors FP

�(Q2; 0) provide improvedlower bounds for electronic decay modes, because in thiscase the logarithmic terms in the amplitude dominateover the constant term (see Table). On the contrary,for the muonic decay modes of the � and �0 mesons, thelogarithmic and constant terms are comparable, and byusing the data on FP

�(Q2; 0) one gets upper boundsfor the branchings (Table). The analysis of the CELLOand CLEO data on the pion transition form factor leadsto an improved boundR ��0 ! e+e�� � RCLEO ��0 ! e+e�� == (5:85� 0:03) � 10�8; (18)which is 4:3� below the KTeV result.Let us check how sensitive these improved boundsare to the recent BABAR data at largemomentum trans-fer. As seen from Figs.1{3, there are two main changesafter the appearance of the BABAR data, compared withthe CLEO parametrization. Firstly, the tail of the pionform factor has unexpected asymptotics, and, secondly,�� � 866 MeV is closer to the corresponding �0 parame-ter. In order to estimate the in
uence on the pion decay,we choose the parametrization suggested in [53]F�

�(Q2; 0) = f�3M2VM2V 0 h1Q4 + h5Q2 + h7(Q2 +M2V )(Q2 +M2V 0) ; (19)where MV = 769 MeV, MV 0 = 1465 MeV and the para-meter h7 = 14:153 is �xed by the anomaly (9). The best�t to the CELLO and CLEO data is given by h5 = 6:93and h1 = 0 [53]. The best �t, including the BABAR

[27] data corresponds to [54] h5 = 6:51 and switching onthe small coe�cient h1 = 0:17, responsible for the as-ymptotics observed by BABAR (dashed line in Fig.1)2).Comparing the constant (17), calculated with one (13)or another (19) parameterization of the data, with theintegral in (17), taken in the region from 0 to 40 GeV2,we �nd only small discrepancy and thus no changes forpredictions of the �� ! e+e� decay (Table). A similarconclusion was found for the in
uence of the BABARdata [27] on the hadronic light-by-light scattering con-tribution to the muon anomalous moment [54].The new scale �� for the � meson form factor, ob-tained from the inclusion of the BABAR data [28],slightly changes the numbers in the second and thirdlines of the Table. The �fth column of Table containsthe predictions when the mass corrections to the am-plitude are taken into account [7]. These correctionshave some in
uence on the predictions for the � and �0mesons decays. Thus, it is clear, that more precise dataat low energy would lead to stronger restrictions on theleptonic decays widths of the light pseudoscalar mesons.Further independent experiments for �0 ! e+e� atWASAatCOSY [57] and for �(�0) ! l+l� KLOE [58]and BES III [59] and other facilities will be crucial forresolution of the problem with the rare leptonic decaysof light pseudoscalr mesons. It is also important to con-�rm the theoretical basis for a maximallymodel indepen-dent prediction of the branchings (see Table) by gettingmore precise data on the pion transition form factor inasymmetric as well as in symmetric kinematics in widerregion of momentum transfer. Such data are expectedsoon from the BABAR, BELLE (at large momentumtransfer) and KEDR (at small momentum transfer) col-laborations.There are quite few attempts in the literature, toexplain the excess of the experimental data on the �0 !2)However, the parametrization (19) can not be considered asphysical one and used for an extrapolation to higher Q2, because itcontradicts the Terazawa-West inequality [55, 56] F�

� (Q2; 0) �� 1=Q following from unitarity.�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010 5�
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