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Current data on low-energy transitions involving the kaod ather flavored hadrons have con-
firmed the loop-induced flavor-changing neutral currentNIEEE picture of the standard model (SM)
and the unitarity of the Cabibbo-Kobayashi-Maskawa (CKMjtmx with three generations [1].
However, there is a growing realization that the presenetstdnding of the dynamics of flavor
is incomplete and that physics beyond the SM may be deteatttak inear future. The continuing
study of FCNC processes with increased precision will gfoee, play a crucial role in the search
for new physics.

In many scenarios of new physics, the new particles are dethan their SM counterparts and
their effects can be described by an effective low-energgr It is possible that the main effect
of such new physics is to modify the SM couplings between gdagons and certain fermions [2].
The case of anomalous top-quark couplings has been treatexk bin the literature [3], and it was
found that they are stringently constrained by the- sy decay. Interestingly, this mode does not
place severe restrictions on anomalous charm-quark cagbecause of the relative smallness of
the charm mass. Here we present the results of a recent stuthe gossibility of new physics
affecting primarily the charged weak currents involving ttharm quark [4].

The effective Lagrangian in the unitary gauge for a geneaahmetrization of anomalous
interactions of th&V boson with an up-type quak¥,_and a down-type quarR, can be written as

Loow = —\%vkl Uy [(1+kh)P, + KEPR]DW + Hec., (1)
whereg is the weak coupling constant, the anomalous couplirig@ are normalized relative to
the usual CKM-matrix elementg,, and B = 3(1¥ys). Thus the SM limit corresponds to
kg™ — 0. In generalkg™ are complex and, as such, provide new sourceFofiolation.

These new couplings contribute to flavor-changing proseasene-loop level and, therefore,
affect loop-generated transitions, suchkas- vv, K. — ¢*¢~, and neutral-meson mixing. The
relevant loop diagrams are displayed in Figh Such processes can be used to place bounds on
anomalous couplings in the charm sector. Below we focus om keansitions, but will briefly
discuss loop-induced, as well as tree-level, transitiomslving other flavored hadrons.

Since the effective theory with anomalous couplings is anbrmalizable, there are divergent
contributions to some of the transitions we consider. Réiggrthese divergences as contributions
to the coefficients of higher-dimension operators in th@thewe handle them by following the
common procedure of using dimensional regularizationppiirey the resulting pole in four dimen-
sions, and identifying the renormalization scalevith the scale\ of the new physics underlying

ey

Figurel: Diagrams contributing to the loop-induced processes diualiin the text. Straight lines (external
wavy lines) denote fermions (neutral gauge bosons), ankbties contairtv bosons besides fermions.

IThe details of our loop calculation are presented in Ref. [5]
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the effective theory. Our results thus contain a logarithterm of the form Irﬁu/m,v) in which
we setu = A\ =1TeV for definiteness. In addition, we keep in our estimdtesé finite terms that
correspond to contributions from SM quarks in the loops. 8gming this procedure, we trade the
possibility of obtaining precise predictions in specificdets for order-of-magnitude estimates of
the effects of new physics parametrized in a model-indepanaday.

The first transition we consider is the decy” — m"vv. To quantify the contribution of
the anomalous charm couplings to this mode, it is convenigmompare it with the dominant
contribution in the SM, which comes from the top loop, and églact the masses of the leptons
associated with the neutrinos in the new contribution, sbwe can work with just one of them.
The total amplitude can be written in terms of the dominant&iplitude as [4]

M(KE — V) = (14 0) Mgy(KT — mhvv) ()

V4V (K + k&) [=3In(A/my) + 4%, (%) ]
Vigts 4X (%) ’
where we have kept terms to linear order in #ig, x, = mZ/mg,, X,(x) is a loop function,
and X(xt) ~ 1.4 the QCD-corrected value of, [6]. The SM prediction for the branching ratio
is Bgy(KT — mrvv) = (854+0.7) x 1011 [6], to be compared with its experimental value
PBexp= (1.73"152) x 10710 [7]. Accordingly, we require—0.2 < Red < 1, which leads to [4]

—25x10* < —Re(ky+K&) + 0.42Im(kg — k&) < 1.3x 1073, (4)

5= 3)

The next decay of interest i€, — u™p~. The dominant part of the short-distance contribu-
tion to the SM amplitude for this mode is again induced by tgelbop. Including the anomalous
charm contribution at linear order i, the total short-distance amplitude is [4]

Mep(KL = pTp™) = (1+8) 457 (KL—putu), (5)

5 _ RelVaaVes (Kas+ Koi )| [=3In(A/my) +4Y ()]
4Re(Vij\s) Y (%) ’
whereY; (%) is a loop function andf (x) ~ 0.95 its QCD-corrected value [8]. Since the measured
branching ratioﬁ%’(KL — uﬂr) — (6.84-£0.11) x 10°° [1], is almost saturated by the absorptive
part of the long-distance contributiorg,, = (6.64+0.07) x 102 [9], the difference between
them suggests the allowed room for new physizg,, < 3.8 x 1010, the upper bound being about
one half of the SM short-distance contributio®St = (7.9+1.2) x 10-19 [8]. Consequently, we

demand|d’| < 0.2, which implies [4]

(6)

‘Re(KCLS+ k) + 6x 1074Im (K — KCLd)( < 15x 107, 7)

We turn now to constraints froti-K mixing. The contribution of the anomalous charm cou-
plings to the matrix elemerhll{(2 for the mixing is given by [4]

MK7K _ Glzzrrs\l
127 24

flg mK Vctjvcs

N°Bx (Keg +Ks) <_thvtsxt In % - qudvqsﬁl(xqaxc)>

7928, R
m Ke Kes (thVtth In—- Z aVos Z2 Xq7xc)>] , (8)
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wheren is a QCD-correction factor anéb; , are loop functions, with further details given in
Ref. [4]. TheK -Ksmass differencaM, is related toM, = MM+ MIS* by AM, = 2ReMK, +
AMEP| the long-distance teryMLP being sizable [10]. Since the LD part has significant uncer-
tainties, we constrain the anomalous couplings by requitiat their contribution t&My be less
than the largest SM SD contribution, which comes from thermHaop [10]. The result is [4]

0.043Re(Kg + Kgs) + 0.015Im(Kgg — Kgs) — Re(Keg ki) +0.28Im(k k&) | < 85x107%. (9)

A complementary constraint on the couplings can be obtafrmd the CP-violation parame-
ter €. It is related toM¥, by v2|g| ~ [ImML| /AME™ [10], where AME™ = (3.483-0.006) x
10~1%GeV [1] and the small term containing t&&®-violating phase in th& — 77t amplitude has
been dropped. SiNCEE|e,, = (2.229+0.012) x 10-3 [1] and |e|sm = (2.06527) x 1073 [11],
we require €|, < 0.7 x 102 for the contribution in Eq. (8). This translates into [4]

|0.015Re K + Kgg) +0.043IM(Kg — Koy) — 0.28Re(Keg k&) — Im (K& k) | < 2.5x 1078 .(10)

The anomalous charm couplings also contribute via gluoipicle operators t@ and theCP-
violation parameteg’ in kaon decay, as well as &P violation in hyperon nonleptonic decays [12].
These operators are generated by the upper diagrams in. HigeXlavor-conserving counterparts
of the gluonic (and electromagnetic) dipole operators rifouiie to the electric dipole moment of
the neutron [13]. From the corresponding experimental, degeextract [4]

Imk§| < 2x10%,  |Imk§| < 2x103. (11)

Now we briefly discuss constraints from loop-induced triamss involving By mesons. As
in the kaon mixing case, the anomalous charm couplingstafgenixing. The matrix element
Mg, = MM - M3 for the mixing is related to the mass differendivly = 2|Mg,| between
the heavy and light mass-eigenstates [10]. The measure®ihdumbersAMg™® = (0.507 +
0.005)ps! [1] and AM3M = (0.563335%) ps~1 [11] are then related bpaM P = AMSM |14 5|
and o, = M‘fz'(/Md SM Accordlngly, we impose-0.2 < Red, < +0.02, which Ieads to [4]

—0.031 < Re(Kg, +Kgy) + 0.4Im(kg, — K55) < 0.003. (12)

An additional constraint can be determined from the measent of 3 parametrizing mixing-
inducedCP violation in B — J/@K. The anomalous couplings enter via both the mixing and
decay amplitudes. Upon comparing the effective experiedemiue 23" = 0.717+ 0.033 [14]
with the SM prediction BSM = 075370552 [11], we obtain [4]

—~15x103 < 0.4Re(k§ + k) — 0.69Imky, + Imkg — 0.31Imkg < 0.012.  (13)

There are analogous constraints from Byesector. Using the experimental and SM values
AMS® = (17.77+£0.12)ps ! [1] and AMSM = (17.67 1) ps ! [11], we arrive at [4]

—0.014 < Re(Kg+Kg) + 0.018Im(kg — Kg,) < 0.015. (14)

A complementary constraint is provided by the_ param@ein B, decay, analogously t@ in
By decay. In this case, the mode of interestB$ — J/We, which proceeds from the same
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b — scc transition asBTg — J/YK. The current disagreement between the SM numigsiV2=
0.03614' 330742 [11] and the measured valugBg" = 2881 = 0.77:03¢ or 2367337 [14] can be
used to extract [4]

—0.09 < 0.026Reky, + k&) + Im(k§ —Kg) < 7x107%. (15)

The anomalous charm couplings affect not only loop-indueegblitudes, but also tree-level
ones. The couplings contribute at tree levelo— ¢v and Ds — ¢v. EXxisting experimental and
theoretical values of the decay consténtare consistent with each other, but thosdgfdisagree
at the 2-sigma level [1, 15]. This information leads us to fiid

IRe(kg —Kgy)| < 004, 0 < Re(kg—k&) < 0.1. (16)

Another process affected by the anomalous charm couplingsealevel is the semileptonic decay
b — ce"v,. Consequently, they would pollute the extraction/gf. From the experimental results
on the exclusive modeB — (D,D*)ev, and the inclusive one [1], we arrive at [4]

—0.13 < Rek} < 0. (17)

Lastly, constraints on the couplings can be obtained fromparing the measurements of {GE-
violation paramete in B — J/@K andB — n.K. The SM predicts the same $&8) for the
two processes, whereas the present data for its effectivesiare silﬁZBj,ff() = 0.657+0.025
and sir(ZB,‘,afK) =0.934+0.17 [14], which disagree at the 1.5-sigma level. This couldibe to
tree-level effects of the anomalous couplings, which waailgly [4]

—5x10* < Im(kg + k&) < 0.04. (18)

In conclusion, we have explored the phenomenological apreseces of anomaloW¥-boson
couplings to the charm quark in a comprehensive way. Kaorgsses can be seen to have yielded
some of the strongest bounds on the couplings. In order torgare insight into the constraints
obtained above, we have derived from them the ranges cordsy to taking only one anoma-
lous coupling at a time to be nonzero (and only for the casespoirely real or a purely imaginary
coupling). They are collected in Table?1This table shows that the resulting constraints on the

0<Rekl, <15x10* (Imk; = 0)
0<Rekt<15x10* —6x10°<Imk5<6x10°
—4x 103 <Rek) <3x10°3 —-0.02<Imk}, <7x 1074
—0.04< RekR < 0.04 -2x103<ImkR <2x10°3
—0.1<RekR <0 —5x104<ImkR<2x1073
~0.13<Rek} <0 —5x10*<ImkR <0.04

Table 1: Constraints on each of the anomalous charm couplings.

2|n determining the left-handed entries in this table, westtaken into account the fact that only two relative phases
among the three left-handed chatkheouplings are physical [4] and accordingly chosgeég =0.
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anomalous charm couplings are, perhaps surprisingly, acaibfe or tighter than existing con-
straints on anomalou&/-boson couplings to the top quark. The table also shows ithgeneral,
the left-handed couplings are much more constrained tranght-handed couplings. Similarly,
the imaginary part of the couplings is more tightly consteal than the corresponding real part.
The biggest deviations allowed by current data appear irrghkpart of the right-handed cou-
plings, which can be as large as 10% of the corresponding SMliogs. Finally, our study can
also serve as a guide as to which future measurements prthddeost sensitive tests for new
physics that can be parametrized with anomalous cih&roouplings.
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