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1. Introduction

Recent years have withessed significant improvements imatikmeson leptonic and semilep-
tonic decays, both in experimental measurements and inlaéitms of the hadronic transition am-
plitudes with lattice QCD. A puzzle has arisen, namely ardigancy of approximately 3cbin the
rate of the leptonic decas — ¢v, wherel is a muon orr lepton [1]. If the measured counts have
not fluctuated high, and the lattice QCD calculations ardigoed (by further calculations with
2+1 flavors of sea quarks), then this may be a signal of phyisigend the Standard Mod¢] [2].

If non-Standard interactions mediate— vE_, then they also alter, at some level, the rate and
g?-distribution ofD — Kuv. (D — K1V is kinematically forbidden.) In this paper, sect{on 2 réxal
the origin of the leptonic discrepancy, incorporating neseliminary results. Sectidh 3 updates the
new-physics analysis of Ref][2] and extends it to encompassleptonic decays. Then sectign 4
discusses the phenomenology of semileptonic decays inatiexd of new physics. For lattice
QCD the main conclusion, discussed in secfipn 5, is thatiggexalculations of the semileptonic
form factors, including a tensor form factor defined belore, atal.

2. Leptonic Decays

In the Standard Model the partial width fbg — £v; is
rg?.rs fSS ’GFVc*smf‘z (1 - m%/szs)za (2-1)
where the decay constaff, is defined by(0|sy*ysc|Ds(p)) = ifp,p*, and is also computed via
(me+ms)(0|sysc|Ds(p)) = —i fDSm%S; PCAC ensures that the two definitions are the same. The par-
tial widths are small: for muonic decays owing to the hefiGtippression factcmfl; for T-leptonic
decays owing to the phase-space fa¢fior m%/szs)z. Experiments measure the branching frac-
tion B = I" 1p, but usually quotefp, assuming that no non-Standard amplitude contributés to

In this sensefp, has been measured recently by the BaBar [3], Bfllle [4], ar8C|H,[6] Col-
laborations. The experiments measB(®s — ¢v) directly, without complicated modeling of the
events or background, and the experimental errors areijpaihc statistical. Radiative corrections
are at most 1-2%, and the discrepancy cannot be explainecamytvalue ofV.s| consistent with
a unitaryn x n CKM matrix [g]]. In summary, it seems sound to take the experital measure-
ments offp, at face value, yielding Tabfg 1. Treating both statisticad aystematic uncertainties
in quadrature, the average of the measurements in flable 1 is

2724+ 8 MeV (2.2)

st‘eXpt avg—
combininguv andtv and including new results reported by CLEO at conferenaesitih Septem-
ber 2008[[J]. Separate averages for the two final states diabie[].
Now let us turn to lattice QCD calculations &f,. There are two calculations with 2+1 flavors
of sea quarks, the first from the Fermilab Lattice and MILCl&wbrations [B] and more recently
from the HPQCD Collaboratiorf][9]. These are

foulupoco = 241£3MeV,  folremiapmic = 249+ 11 MeV, (2.3)

where the Fermilab-MILC result is an update presented sictimference by Mackenzig J10]. Both
calculations use the improved staggered Asqtad actiorhéoséa quarks, taking advantage of the



Non-Standardov? Andreas S. Kronfeld

Table 1: Recent experimental values &f,. The preliminary update from CLEO can be found in REf. [7].

final state reference fp, (MeV)

end 2007 2008 update
v BaBar [8] 283:17416
UV CLEO[B] 264+15+ 7 2654+119+44
uv Belle @] 275+ 16+ 12

tv(tr—mnv) CLEO[E] 310+25+ 8 271+20+4
Tv(T—evv) CLEO[B] 273+16+ 8

Uv our average 27&11 271+10

TV our average 28%15 272+13

freely available MILC ensemble$ [11]. In the following, leuthe average of the two results in
Eqg. (2.B) with no correlation, because the dominant systieraerors differ.
The experimental average &, lies 12.5% above that of lattice QCD, and the significance of
the discrepancy is
350 =290@®2.20, (2.4)

where the two entries on the right-hand side aregeorand tv separately. Before the update
from CLEO [[7] the discrepancy was8r = 2.70 @ 2.90 [H]. Reference[]1] omits BaBar’s result
and reports 3o, and with CLEO’s update this approach yield2@. One should bear in mind
that the yardstick foo is the experimentasdtatistical error: Were one to double HPQCD's error
(without justification), the total discrepancy would rem&i0c. Indeed, the same methods agree
with experiment forf,, fx, charmonium mass splittings, and especiaily, mp-, and fp+ [B, 2].

3. New Physics

If the discrepancy cannot be traced to a fluctuation or err@ither the measurements or the
calculation(s), then one should turn to non-Standard pbkyas an explanation. The new particles
must be heavy to have escaped direct detection, so one msigepan effective Lagrangian

Lot = MTZCA(SY!1650) (Vi YulL) + M 2Ch(S60) (Vi br) — M ~2Cy (SY0) (Vi YL )
+ M™2C§(S0) (VL lr) + M ~2CL (SaHVe) (Vi o fR) + H.C., (3.1)

whereM is a high mass scale. Thi&, extends the effective Lagrangian of Réi. [2] to include
interactions that mediat@ — K/v. The experiments do not identify the neutrino flavor or higlic
but Eq. (3]1) assumes, to be of lepton flavor and omits right-handed neutrinos. In this way
the resulting non-Standard amplitudes can interfere ighStandardV-mediated amplitude and
explain the sought-after effect of 10—-15% (in the amplijude

These effective interactions change the rate for leptoe@ay, by substituting in Eq[ (2.1)

¢ ¢ m2
Ca my + Ce Ds . (3.2)
V2M?2 V2M2 Mg+ mg

Because (conventionallys is real, one sees that one or botrﬂﬁf, C5 must have a positive real
part. If only one of these reduces the discrepancyapdhe can derive the bounds

GFVC*Smg — GFVC*Smg +
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M(ReC4) /2 <855 Ge\l  M(ReCh) Y2 <1070 Ge/m;/my, (3.3)

updating Ref.[[2] to reflect CLEO’s new preliminary measuests and treating thgv and v
discrepancies as a single effect.

The effective Lagrangian can arise from the tree-level arge of non-Standard particles, in
which caseM is simply the new particle’s mass. Referenfle [2] found a fessbilities. One
is thes-channel annihilation through a charged Higgs boson, imamedel designed so that the
Yukawa couplings satisfys < Y andyc,y; ~ 1. But this model also hag < ys, thereby predicting
a 10-15% deviation in the amplitude for" — ¢*v. This is now disfavored, because CLEQO’s new
measurement ofp+ [[L3] agrees perfectly with lattice QCID][8] P,]10]. Anothendaate is the
t-channel exchange of a charge% leptoquark, which can arise in various ways, all of which
are disfavored by non-observation of— uss. The most promising mechanism is tbehannel
exchange of an SU(2)-singlet, chargé> leptoquark, namely a particle with the quantum numbers
as a down-type scalar quarfk'n supersymmetric models. It couples via Reiolating Lagrangian

A= Koy (CLI — VG ) d+ Ky CreSd + H.c., (3.4)

where the superscrift denotes charge conjugation, akg andkj, are complex parameters (in
general, entries of Yukawa matrices). WHdn= m; > mp, one can deriveZes with

Ch=Cy=Ylkaf’,  Ch=Ch=dany = 2} @5)

If k2 is independent of and eitherk, O m, or |kj,/Kz| < mgmc/m%S, then these interactions
could explain why the discrepancy appears in bath and Tv channels. Generalizations of
Eq. (33) appear in non-Standard models that modify theference phase d82-BY [[4], ex-
plain quark masse$ [15], induce deviationsBizg) — (v [[L6], generate neutrino mass¢s|[17], or
enhance rar® decays[[18].

4. Semileptonic Decays

To obtain further information about a possible non-Staddause of the effectiveov? vertex,
one can turn to other processes. One would be the produdtaamed quarks in neutrino scattering
off strange sea quarks in nucleons. Another set consisteafemileptonic decay3® — K-putvy,

DT — K_°u+v“, and their charge conjugates. A full understanding of thiessays will require
lattice QCD calculations of the hadronic transition.

Let us start by reviewing the kinematics of three-body decagt theD-meson, kaon, lepton,
and neutrino 4-momenta be denoted, ¢, andv. There are two Lorentz independent invariants,
which may be taken to bE, = p-£/mp andEx = p-k/mp, namely the lepton and kaon energies
in the D meson’s rest frame. Often insteadEy the mass-squared of the leptonic system is used,
o? = mg +mg — 2mpEx, = ¢+ Vv = p—k. For brevity the formulae given below use bdEh
andg?. The kinematically allowed region is shown in the Dalitztpleig.[]. The discussion given
below is somewhat simpler with the variable

=E;— 3(mp — Ex) (1+n¢/q7), (4.1)
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and the allowed region, for fixeBx is —E1™ < E,; <E/® E|*= 2(1 rr12/q )\/ mﬁ
The allowed region foEx is mk < Ex < (Mg +mZ —m?)/2mp, or mZ < ¢? < (mp — m )2.
The doubly-differential rate fdD — K/4v is

2
EeaE <?733{[(E§—m?) (1 mf/?) — 467, |GrVes +GV| (@)
2 _
+ T (o o) BT @)
? »
* [4m2 (Bk —m&) (2 —m7 /o) + szu] |G [? \fz(Q)\ (4.2)

— 2% (2 -mR) (1 /P Re(GrVes + G ) OF 1. ()13 ()
mj — m2 m2 n12>
o? Sme—mg

Zm/

— m—EgJ_ Re |: <mp <G|:VC*S—|— GV)

(Geves+ 6L ol 1:(6P)|
+ %qDZEuReng (GFVC*S+G€) M ﬁ_ﬁ)eé*f (q )ff(qz)]},

whereG{ g = G} g1/v2M?, and the form factors,, fo, and f, are defined via

_ mg — m2 mg — mg
Kiols#eD(p) = (P +1e - o) 1, (cP) + R (@), (43
(K(K)|so*"c|D(p)) = imp*(pk” — p'kH) fa(cP), (4.4)
_ mg — m2
K(K)|SdD(p)) = —2>—Xfo(q? 4.5
(K(k)|sdD(p)) e o(a), (4.5)
and fy appears for both the vector and scalar currents owing to @W€grating over lepton energy
dr m m2\ ® 207 + i
& - aeVE () {<Eé—m2> \epvcs+ (@
5 m2 m2 2
g |™ CA o) (4.6)
2m?
+<Eé—mﬁ>q;m2 ot \fz<q2>\

- 20 (8~ ) Re[ (GeVis 60 BF £ (@) ()] |

Note that two terms with interference between form factamish after integration: the vari-
ableE,, renders this feature especially transparent. We shallhesetformulae to diagnose how
new interactions mediatings — ¢v would alter the semileptonic rate and differential disttibns.

In many non-Standard models, including those with the Gh&ré IeptoquarkoT, one finds
C{, = Cji andC{ = Cf (cf. Eq. (3F)). If thefp, puzzle is solved by th€j interaction, then the€),
interaction generates a similarly large enhancement iséh&leptonic rate. This consequence is
easily seen from théf, |? contribution to the rate: the other Standard contributiwith | fo|?, is
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suppressed b§m,/mp)?2, which is 3x 1073 (7 x 1078) for u (€). On the other hand, if thé, puz-
zle is solved by th€ interaction, then it will be difficult to observe the compamisemileptonic
contribution. To enhance bofbs — v andDg — Lv, some mechanism should IeadCté 0 my,
and then (in the leptoquark examp@{ 0 my, C¢ O my also. In that case, the non-Standard contri-
butions are small corrections to a suppressed contriution
The doubly-differential rate suggests a challenging wapbtserve the effects of non-vanishing

C§andCt. In the asymmetry

%L:r(EgJ_>O)—r(Eu_<O):N(Eu_>0)—N(Eu_<O) (47)

F(EM>0)+F(EM<O) N(EgJ_>O)+N(Eu_<O) '

everything but the last two lines of Eq._(4.2) cancels. Taoba 7% measurement ef |, one
would need around ¥O0semimuonic events in each half of the modified Dalitz planee ©an
generalize this asymmetry to any region in EgReE,| plane that is symmetric abob, = 0, or to
any moment of the distribution odd By, . For example, when the kaon momentum is low, phase
space naturally suppresses tfig|? contribution, perhaps helpfully.

5. Conclusions

From Egs. [4]2) and (4.6) one sees that the first concern ofefuéttice calculations is to
improve on the 7% uncertainty of the only 2+1 flavor calcaiatof f, (g?) [L[9]. With current
semielectronic measurements| [P0, 21], one could test fercoatributions to thecvee vertex (for
which there is not yet any evidence). Semimuonic measurenaea needed for a direct test of the
fp, puzzle. Once the event yields become high enough to measuri will be necessary to have
accurate calculations of the scalar and tensor form facfgrand f,. CLEO and theB factories
have somewhat more data to analyze, and BES-III shouldadebousands of eventf ]22].
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Figure 1. Dalitz plots forD — K¢év, with m; = m,. The left panel showk,, the lepton energy in thB
meson'’s rest frame; the right panel shd#ys, defined in Eq.l). The dashed (blue) lines slipw= 0.
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A. All Semileptonic Formulas

To treat the SM and NP efficiently, we shall now write the dffecLagrangian as

Lot = MT2CR(Sy* ) (VLyplL) — M~2CL (SyMc) (VLyulL) + M ~2Ch(S¢) (VL LR)
+ M™2C§(S0) (VLlr) + M 2CH(SaHVe) (VL apvlr) +H.c,, (A.1)

where -

Con gy Sva
V2m?2 v2mz:
This Zx mediatedD — K/v. (By analogy, one can extend this to the semileptonic detayny
pseudoscalar meson.) Let tBemeson, kaon, lepton, and neutrino 4-momenta be dermtled/,
andv, as above. The amplitude is

Cua = V2ZMZGEVEs+Cl o, (A.2)

(0K i-%e|D) = IM~2T(v)3 (1 + ys) [CKISAD) — Clyu (K|5#cD) (A.3)
+ c$a“V<K|§aWc|D>] V(o).

The hadronic matrix elements are re-expressed as fornrsaict&qs. [413){(4]4). For the leptons
we require the spinor combinations

G314 16) (B+K) L V(0) = 200v)p, 3(1— WD), (A4)
Q)3+ ¥)v(0) = —mlv) 3(L+ y)v(0), (A5)
(PR — RT3 (14 18)i0uV(E) = —20v) Py i (L+ JV(0), (A6)

where for any four-vector, r¥ =r# — (r-q/g?)gH. Inserting Eqgs.[(43)F@.4) anf (A.4)—(A.6) into

(VK |iZei|D) = iM 2 { (mzév”%q;mﬁ +C§TZ:?E> )31+ wvO)fo(a®) (A7)

- 26 )B. 31 0 . (6F) ~ 20 V) B B L YO o)}

The differential rate is (see PDG)

T 1 LS KD (A8)
dEKdE(;_(Zn)38mDS;]S o= '

whereEx = p-k/mp andE,; = p-¢/mp are the energies of the kaon and lepton in the rest frame of
theD meson. To sum over lepton and neutrino polarization statesieed

GV) 3L+ VOO (A y)u(v) = 2v-0 = P —n?, (A.9)

spins

‘< V)P, 3(1— VOV (1+ ), u(v) = —pi (F —m7) — (2p. - 0)%,  (A.10)

z u‘ V)P iz (1+ y)VOVIE) 3 (1 — ys)fp, u(v) = 6%(2p -£)* —mip? (of —my), (A.11)
spin
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U(V)3(1+B)V(OV(0)3(1+ ) P, u(v) = 2mep, -4, (A.12)
spins
> UV (L e)VOVI)3 (1 y)hp u(v) = —20°p, -, (A.13)
spins
> U(V)B, 31— y)V(OVE)3(1— ys)dp, u(v) = mep? (67 — ), (A.14)
spins

in which p? = —(EZ — mg)mg/c?. Note thatEZ — mg is nothing but the kaon’s squared three-
momentum in théd-meson rest frame. It is convenient to change from the viarigpto E;, =
p. -¢/mp, defined in the text. With this variable, it is easy to see Whiontributions vanish after
integrating over lepton energy.

The doubly-differential rate is then

olE.iIzolrEM - (22)3 ZmMD4{[(E*%_"ﬁ)w_4Ei] SICEl
+ Lot g T oy &)
+ [P T e [k ) (a.15)
Iy T eGP
- 2 e () ™ ot ) ) )
. %TEMRengC?\Z,n%q_znﬁ +CETR T of o) )|

The singly-differential rate is

dr 1 m m2\ 2 2q +
dEx (271)32IVEI)4 E*%_mﬁ<l‘q—5> {<E§—mﬁ I RING

o2 M —nmg g —mi | 2
+ g MG+ Ce R () (A.16)
+ (E2-mp)” *2”‘2 |t fa(a —zm—?<Eé—nﬁ)Re[Géc%*u(qz)f;(qZ)}}
m2\ 20 +m? c, |?
- E%—m%(l—;ﬁ) {(Eé—nﬁ) T vt @)
o L G \m-mg  cf m-ng|’ 2
+ R my <GFVCS+ \/§M2> q2 + ( )|
2 ¢ |2
b (E-m T ey (A.17)
amd

- 27 (B2 ~m)Re
D

* C{/ C%'* 2\ £ [ ~2
<GFVcs+ \/§M2> \/§M2f+(q )fZ(q )] }



