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The D — X, /"I~ transitions—branching ratios, forward-backward (FB) asymmetry A&, the CP
asymmetry ASp, and the CP asymmetry in the forward-backward asymmetry ASE—have two sources:
for D* they represent a pure AC = 1 & AQ = 0 current interaction whereas neutral D mesons can also
communicate via their antihadron. Standard model (SM) contributions to BR(D — X,/"]7) come
primarily from long distance dynamics, which overshadow short distance contributions by several orders
of magnitude; still they fall much below the present upper experimental bounds. Even the SM
contributions to Afp, ASp, and ASE are tiny, quite unlike in beauty hadrons. The branching ratios are
hardly dented by contributions from the littlest Higgs models with 7 parity (LHT) even in the short
distance regime, let alone in the SM long distances dynamics. Yet the asymmetries Agg, ASp, and ASE in
these new physics models can be enhanced over SM predictions, as they arise purely from short distance
dynamics; this can occur, in particular, for A%s and ASE, which get enhanced by orders of magnitudes.
Even such enhancements hardly reach absolute sizes for observable experimental effects for Agz and Ag.p.
However, LHT contributions to AS} could be measured in experiments like the LHCb and the SuperB
Collaboration. These results lead us to draw further conclusions on flavor-changing neutral-current
interactions within LHT-like models through some simple scaling arguments that encapsulate the essence
of flavor dynamics in and beyond the standard model.
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I. INTRODUCTION

The discovery of charm quarks was and still is seen as a
great success of the standard model (SM), since their
existence was necessary for the observed suppression of
strangeness changing neutral currents. Charm hadrons
were also found in the expected mass range as was the
predicted preference for decays to strange hadrons.

Yet, at last, some possible hint of new physics (NP) has
appeared in charm physics. Compelling evidence for D? —
DO oscillations has been presented by the Belle, BABAR,
and CDF Collaborations[1-3]. The HFAG Collaboration
has combined the results on neutral D decays allowing CP
violation [4,5]:

AM
= DD = (0.63741)%, | % I =0.9141%

AT v
Yp = zrs =(075+0.12)%, ¢ =—10.2223(°).

The observation of D° — D oscillations is hardly dis-
puted, while the relative size of x, and yp is not clear
yet. Before these experimental results, most theorists ar-
gued that the SM predicts xp, yp = 10~*—yet not all: in
1998, xp, yp = 1072 was called a SM conservative bound
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[6]; in 2000 and 2003, a SM prediction obtained from a
sophisticated operator product expansion yielded xp, yp ~
0O(1073) [7,8] and more recently in [9,10]; alternatively, in
2001 and 2004, a SM prediction on D — D° oscillations
was based on SU(3) breaking mostly in the phase space for
yp and then from a dispersion relation for xp [11,12].

While the present experimental results on x, and y,, can
be accommodated within the available theoretical SM
estimates, and no nonzero CP asymmetry has been seen
yet, the observation of D° — DO oscillation, however, has
“wetted” the appetite on thinking of NP in charm decays.
The authors of Ref. [13] consider a (approximately)
SU(2), -invariant NP scenario; therefore NP contributions
to D® — D° and K° — K oscillations are not independent
of each other.

There is a large variety of NP models, in which the Higgs
boson appears as a pseudo-Nambu-Goldstone boson of a
spontaneously broken global symmetry, namely, the “little
Higgs” class of models [14-20]. To achieve this program,
one needs at least heavy gauge bosons Wj;, Zy, and Ay, a
heavy top partner 7 and a scalar triplet ® as physical
degrees of freedom as is implemented in the littlest
Higgs” model [22,23]. Studying electroweak precision
observables shows that for such new states to arise below
the 1 TeV scale, one needs an additional discrete symmetry
[24,25], called T parity: the SM particles and the heavy
top partner 7 are even and Wﬁ, Zy, Ay, and @ are odd.
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A consistent implementation of 7" parity requires also the
introduction of the so-called “mirror” fermions—one for
each quark and lepton species—that are odd under T parity
[25,26]. This creates the littlest Higgs model with T parity
(LHT) [27]. While some theorists probably see it as in-
tellectually economical, most experimentalists do not view
it like that; at the same time they should understand that it
can provide them with more work, but less so than super-
symmetry. The most important point here is that the mo-
tivation for LHT models comes from outside flavor
dynamics; at the same time they can create important
nontrivial signals of NP in B, K, and D physics. The
LHT models can—not necessarily, but possibly—affect
AC = 2 dynamics significantly. In particularly, it can gen-
erate sizable or even relatively large indirect CP violation
in DY decays [29]. It can implement a dynamical realiza-
tion of the symmetry approach described in Ref. [13].

Encouraged by the findings of Ref. [29] about the pos-
sible impacts of LHT models in AC = 2 dynamics, we had
looked at two AC =1 processes, D° — yy and D° —
utu” in a previous study [30]. While LHT failed to
contribute significantly to the total decay rates in these
channels, it had led us to some general conjectures on
charm changing neutral currents (CCNC) within LHT-
like scenarios. In this current work, we continue to analyze
the impact of LHT on another AC = 1 process to probe
deeper into CCNCs in LHT-like scenarios, namely, to D —
X, ["1~. Similar to our previous work, we do not see any
sizable enhancements in the global decay rates. However,
in the presence of large weak phases in LHT-like models, it
might seem surprising to find also very tiny contributions
to the CP and forward-backward asymmetries, A¢., and
Afg. This is because the (nontrivial) SM asymmetries get
produced by short distance dynamics, and LHT-like sce-
narios can create much larger A¢., and Afy than the SM
can; yet they are still small in their absolute size. However,
the LHT contributions to the forward-backward CP asym-
metry ASE are sizable—even large—such that they can be
experimentally measured in the coming decade.

In this article, we discuss both short and long distance
SM contributions to D — X, [*[” in Sec. Il along with
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A%y, Afp, and ASL in this channel. We will describe mostly
D* — X, I"1™, since itis given only by AC = 1 couplings,
while one can also produce D’ — X, /71~ by AC =2
couplings due to D° — DO oscillations. We go on to briefly
introduce LHT and its contributions to D — X,[T]~ in
Sec. III. Our quantitative findings are presented in
Sec. IV. We take a more critical look at CCNCs in LHT-
like models in Sec. V. In Sec. VI, we put forward some
simple scaling arguments to explain why NP interventions
such as in LHT-like models have effects of the size we see
and the conclusion to this work follows in Sec. VII.

IL. SM CONTRIBUTIONS TO D — X,I"1~

The transition of D — X, /7]~ must be produced by
charm changing neutral currents, which are much weaker
even than their strangeness and beauty analogues in the
SM. These decay rates are tiny and dominated by long
distances effects. Yet the forward-backward Afz;, CP
asymmetries A¢, and CP asymmetry in the forward-
backward asymmetry AL could still be controlled by
SM short distance dynamics. However, the dynamics sce-
nery is very complex as shown below; conceptually very
similar to B — X,IT/~, but quantitatively at a smaller
level. One can learn a lot by studying these asymmetries
about short distance (SD) dynamics in general where dif-
ferent operators mix and an alternative perspective can be
obtained from B studies. It turns out—not surprisingly—
that a careful scrutiny needs huge statistics. This would be
an important task for a SuperB factory like the recently
approved SuperB project undertaken by the Istituto
Nazionale di Fisica Nucleare [31-33]; LHCb might also
be able to address it.

We will discuss first D* — X, [71~, since it proceeds
purely by a AC = 1 interaction; then we will comment on
lessons learned from neutral D — X,I*[” transitions,
where D° — D? oscillations can get involved.

A. FSM(D i Xul+l_)

The quark level process ¢ — ul* 1~ is described with an
operator basis of the following ten operators:
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where ¢ = d, s, b and «, 8 are color indices. The charm
operators O;, i = 1,...,10 are analogous to those in b
decays [34]. The effective weak Hamiltonian is expressed
in Eq. (3) in terms of these operators taken at a scale w. The
coefficients describe renormalization of the operators at u
from the normalization scale. For the starting point, one
can naturally chose u = My:

COMy) =0 C(My) =1 Cyo(My) =0
C;(My) = — Z Vi Vei(Dy(x;) = Diy(xp))
/ d,s
Cy(My) = Z Vi Vi (Eo(x)) — Ef(x))
j d,s
Yo(x;)
Co(Myy) = O ac(x;
9( W) ]st uj (Sinz(gw) O(-xj)
- D)~ ;= )
Yo(x) Yo(xp)
CoM vey o [—L 2 4
to(Mw) = ,st W C]( sin®(6y) ) @
where x; = m3/mj,, with m; being the masses of the

internal down-type quarks j = d, s, b. Here we have
used the unitarity of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, };—;,V,;Vjc = 0 to eliminate the depen-
dence of the Wilson coefficients on the third family. The
limit x; — O cannot be taken as there is a logarithmic
divergence in D°(x) in that limit. The form factors are

defined in a modified way from Ref. [35]:

x 3 1 32x%—x
o =5 (G5 5 o o) 7))
x(9 —43x +28x?)

Dy(x) = Q4Eo(x) + 20—
x(21 — 66x +41x2 —2x3)
g tog) ~2(1)
x2 X
Ey(x) = —glog(x) + (156(11—6x)+ o ) og(x)
x(18—11x —x?)
12(1 —x)3

1 11x*—7x+2 6x3
Dé(x)ZQdEé(x)_(f 20 —xp a0 —0?

5 1—5x—2x2 3x2

10g(X))

E6(x)=—ﬁ+ 1)y +2(x_1)4log(x)
O T )] ©

Q, is the charge of the internal down-type quarks. Here
v(x) is the gauge dependent term which, for & = 1, is [36]
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7 X 1
y(x) = g(m log(x) m) (6)
At scales u < My, one can express JH .(u) using
Ci(u), i = 1,...,10 evolving through the two-loop QCD
renormalization group equation. Actually, one has two
regimes, My to m;, and m, to m,. [37]; a matching
condition as usual is applied through a,(my, m;;4) =
ay(my, my;5). These operators mix via renormalization;
in particular O7 mixes with O, O, [34,38], O;—¢, and Og.
However, as pointed out in [38], O; is completely domi-
nated by the two-loop QCD radiative correction, which
was taken into account in [39,40]:

Co(m) = e ¥ Cy(my)
_13_6(77%4/25 771174/23 1623 7726/23)C8(mw)
s i as(mc)
Vub Cbzzc (mh)X]lnCI + 4o CZ(mc)
i=1j=
D))
mC mC mC
(7N
where
a(my) a,(my)
mp = = )
as(mb) as(mc)

The matrix X, the vector z, and the function f introduced
above are given in Appendix A along with the Wilson
coefficients for the operators O;— both at u = m, and
m = m.. We include the next to leading order correction to
the running of the «, with a,(my) = 0.125, a,(m,) =
as(mb> My, 5)3 as(mc) = as(mc’ mp, 4)7

a,( "'n )=as(,u/,,u’,nf)< _Bl(nf) as(,u,/,lu,/’nf)
S v('u“"“l’nf) ﬂO(nf) 4ar
v(/‘Ly M/y nf)
aS(ILL/?M/rn ) !
v(p, pwing)=1- ﬁo(nf)Tfk’g(%),

2 38

0Oy mixes with O;_¢ beyond the leading order. However,
only Cy and C, are numerically significant and lead to an
important cancellation amongst themselves. As we shall
later see, the dominant contribution to the SM branching
fraction comes from Oy; hence it is important to have a
detailed look at it contrary to what was argued in [39,40].
The Wilson coefficient for Oy after QCD corrections is
given by [41]

Co(m,) = Co(my)
3 Vi Vahtz; )

3C,(m,) + C,-H(mc)) (10)
i=d.s i=13,5
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where h(z i s) comes from the one-loop QCD correction to
the four fermion operator and is given by [42] and

. (pr+pr)? _m;
s e = —
p) , j .

mC mC

As in the case of the analogous decay in B systems, the
logarithmic term in A(z, §) exactly cancels the logarithmic
dependence in Cy(my) that comes from the electromag-
netic penguin and hence removes the logarithmic depen-
dence on light quark masses at the scale u = my, as was
pointed out in [39]. The importance of QCD correction was
pointed out in [43], but we disagree with their argument
that the purely electroweak “Inami-Lim” contribution to
Cy should be ignored as it is dependent on light quark mass
and is reproduced as a limit of the QCD correction when
§ — 0. A careful look at the form of &(z, §) shows that the
logarithms have opposite signs in the Inami-Lim term and
in the QCD correction as argued before [44]. A discussion
of the logarithmic dependence of Cy before including QCD
corrections and its cancellation after including the same is
discussed in [45] for the case of B mesons. A similar
argument applies in the case of the D mesons too.

O, does not suffer from any QCD corrections [39,46],
which makes the assumption made in [40] unnecessary
[47]. Finally, the differential decay branching fraction is
given by Eq. (12) with & = m, = 1.2 GeV. Integrating
over § gives us the total decay rate. One has to be careful
about not picking up the infrared divergence in the differ-
ential decay rate. We made an infrared cut on § at about an
invariant dilepton momentum of 20 MeV. We get a branch-
ing fraction of

BRM(D — X,ete™) ~3.7 X 1079, (13)

which is smaller than what is stated in [39,40,48], but larger
than the number in [43] for reasons stated above. The same
for muons in the final state is slightly smaller due to the
finite mass of the muon. The SD-M contribution is domi-
|

[T (D = X, 1) —
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2tan”" L if § <4z
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[

nated by Cy, primarily with contributions from the purely
electroweak part, coming almost entirely from the electro-
magnetic penguin, and an order of magnitude smaller con-
tribution from the QCD correction coming from the four
fermion operators Oy and O,. Contrary to what is stated in
[43], C; provides only a subdominant contribution in spite
of its huge enhancement from the two-loop O(ay)
contributions.

As we stated before, the SD contribution in SM is com-
pletely overshadowed by the long distance (LD) contribu-
tion that comes from intermediate vector meson states.
These resonance contributions lead to a branching fraction
estimated in [39]:

BRM(D — X, ee™)

=BRM(D — X,eTe”) ~ O(107°). (14)

Rough estimates can show that the SD contributions for
the branching ratio (BR) are much smaller than LD contri-
butions. Why did we (and other authors) undertake a time
consuming operator-product expansion analysis? Finding
incorrect statements in published literature maybe be in-
tellectually acceptable, even if such statements are of only
academic significance. However, we are driven by matters
of much more practical interest: Some asymmetries on
which distributions are based give a more direct access to
SD dynamics, namely, Agz and A¢p, as we shall discuss
next.

B. ALy, A%, and ACE

Asymmetries between D= — X, /"]~ have a single
source, namely, AC =1, AQ = 1 currents. Later, we
will comment on D° — X, It~ vs D’ — X, I, where
D" — DY oscillations, in principle, could get involved.

The normalized forward-backward asymmetry is
defined from the double differential decay rate as

Zz0(D™ — X, I717)]sgn(z)dz

AIC:B (f) =

[L[dPT(D* — X, I717)/dsdz]dz
—3[N(CTo () Co())§ + 2R (Cio(1)C7(1)]

(15)

— (14 29)(Co ()P + 1Cro()P) + 4IC, ()1 +2) + 12R(C (1) o))

(16)
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After performing the integral over the angular distribution,
we get the form in Eq. (16). Since C is real, A& (8) picks
up the real part of Cy and C;, which are both in general
complex. Integrating over § we get

Agy ~2 X 1075, (17)

Afp(8) is mostly proportional to Cjq which is tiny in the
SM as expected from the suppression of flavor-changing
neutral-current interactions (FCNC) in charm physics.
Unlike the integrated decay rate, Afy is not very sensitive
to infrared divergences. Since the angular distribution of
the double differential decay rate is almost opaque to the
LD contribution from SM [49], Af absorbs purely SM-SD
contributions—yet is truly tiny.
The CP asymmetry parameter A¢.,(8) is defined as

AT(DY =X, I717) = 4T (D™ = X I"17)
AT(DY =X, 717 )+ 4T(D™ = X171

Agp(8) = (18)

In general, any Wilson coefficient C;(u) in the differential
decay rate can be written as

Ciw) = & + A&,
where the summation over j is implied. For TI'(D —

X)), Aj— /\;‘». The numerator [Eq. (19)] and the de-
nominator [Eq. (20)] will have contributions of the type

P = SA™)I(ELEM) + 23 A)S(E0EL)
R(CH ()T (1) — SAA™)I(ELE) + SAI(EE)
+ )30 (19)

|Ci() > = RAA™)R(ELgm)
+2RA)R(EEN) +1£01
R(Ci()C; () = RAA™)R(ELE™) + RANNR(£LE)
+RA™IRENE™) + R(EEY).  (20)

In the limit that only Cy has an imaginary component and
terms proportional to V), V., are ignored, the results stated
in [51] are realized. The numerator is sensitive only to the
imaginary contributions from the Wilson coefficients to the
decay rate and the denominator to the real contributions as
should be the case; for the relative phases in the matrix
element is needed for a CP asymmetry. Unlike in the B
mesons, in the case of D — X, /"]~ only C, is purely real,
and hence both C; and Cy contribute to Agp. The integrated
asymmetry A¢p in SM turns out to be

TP =X, 17) ~T(D™ =X, 1)

AS., = ~3X 1074
P T(DY =X, 1)+ (D™ = X,1717)

21

i.e., still tiny. We also find that the bulk of A¢., comes from
C; and is due to the presence of the two-loop O(«y)
contribution. Indeed, the Cy contribution, which comes
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from the mixing of O;_g with Oy, serves only to suppress
this contribution by an order of magnitude all of which
stand in stark contrast to what happens in the analogous
decay of the B mesons. Both of these contributions arise
only after the inclusion of QCD radiative corrections and
both of which are proportional to V;;;V..; ignoring the term
proportional to V7, V., as it is relatively much smaller.
We can also look at AS(3), which is the normalized
difference in the forward-backward asymmetry in D —
X,[T1” and D — X7~ defined as [52]
Afg(8) + Agz(8)
AIgB(f) - AIL;B(ﬁ).
In the limit of CP symmetry, Afz(3) and A&z (3), have to be
exactly equal in magnitude but with an opposite sign
[51,53]. As the forward-backward asymmetry is defined
in terms of the positive antilepton, Ay (§) and A&y (8) have
opposite signs. ASE(3) is sensitive to the phase in C;, Co,
and C;o. The SM offers phases only in C; and Cy in D —

X, "1™ and none in C, . Hence the integrated asymmetry
turns out to be tiny

AR (9) = (22)

f ASP(3)ds = ASE ~ 3 X 1075, (23)

If NP brings about any new phases in either C;, Cy, and
Cio, ASL stands a chance of large enhancements.

Putting together A&y, A%, and ASE gives us a good
insight into the sizes of the phases in the Wilson coef-
ficients. Afy is sensitive to the size of Cj( and the real
parts of C; and Cy, while Ag, gives us an idea of the size
of the phases in C; and Cy and ASE is sensitive to phases
in all Cy, Cy, and C;y. Within the SM, we can conclude
from our numbers, the size of C} is extremely small, as it
should be, since it suffers from a very strong Glashow-
Iliopoulos-Maiani mechanism suppression, and it also
lacks a phase. Both C; and Cy have phases because of
the QCD corrections, which are more prominent in the
case of D mesons than in B mesons as the purely elec-
troweak contribution is truly tiny. Along with the decay
rate, these provide us a very useful tool to probe into the
flavor structure of any NP models and new sources of
FCNC.

C. A Note on LD dynamics’ impact on the asymmetries

The asymmetries discussed in the previous section do
not incorporate any SM LD contributions, neither in their
extraction from the difference in the partial decay rates nor
in their normalization. This might be unreasonable consid-
ering that SM-SD contributions yield a branching ratio of
only 1.5X 107°, while SM LD yields something like
0(1079), even considering that LD estimates come with
very large uncertainties. Let us add a comment why LD
physics have only a little impact on these asymmetries,
either from the difference in the numerator or the normal-
ization in the denominator.
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For A%, and A&, it is obvious that SM LD physics
cannot contribute a CP violating phase, and any CP
asymmetry in this process has to come from SD physics
whatever the origin is—SM or NP. A{y is more sensitive to
SM LD “pollution” in its definition as the difference in the
hemispherical integral of the double differential decay rate.
SM LD contributions to it will primarily come through
final state interactions, and the dominance of light internal
quarks in this process and quantitative statements on their
sizes require separate analysis on each exclusive process.
SM LD physics can also make their presence felt in all of
these observables through the normalizations entering the
definitions of these asymmetries. A natural way to remove
such LD contributions is to cut off the dileptonic mass
distribution around the p, w, and ¢ widths.

Making such cuts, we find that it will decrease Agy and
increase A%p and ASL by around 10% to 20%. Not surpris-
ingly, these cuts affect A&, more than AS, and ASL. Similar
effects arise, when we include LHT contributions as dis-
cussed below. More sophisticated cuts could yield even
better results. As pointed out below, only ASL has a real-
istic chance to be measurable by LHCb and a super-flavor
factory. It seems to us that such a theoretical uncertainty is
fully acceptable for a search for NP as of now.

As a final point: including nonresonant LD effects and
making a cut on the resonances seem to produce opposing
effects and can well nullify each other; however only a
detailed study can resolve this issue.

Throughout the rest of the article, we will stick to the
definition of the asymmetries in terms of SD operators and
infer on our results accordingly keeping in mind that a
sufficiently motivated reader will already have had gone
through this section by then. Any NP contribution to these
asymmetries are strictly SD.

D. Comments on D°/D° — X, 111~

The branching ratios for neutral D — X, [~ are again
dominated by SM LD contributions and their size is com-
parable to what is stated in Eq. (14), namely, of order 107°.
For Afy and A¢p, one has a much more complex system in
hand for neutral D mesons, because D° — DY oscillations
have been found on the level of 0.5%—-1% for x;, and y),
see Eq. (1), which might be still consistent with the SM.
Since the SM asymmetries Agp and Agp are so tiny, the
D° — D° oscillation ‘‘background” is irrelevant.

III. ON LHT SCENARIOS
A. The flavor in LHT

The SM predictions presented above leave a large range
in rates for these rare transitions, where NP could a priori
make its presence felt. So-called little Higgs models men-
tioned in the Introduction have been studied extensively
over the past decade as a possible NP scenario [14-19].
There the Higgs boson appears as a pseudo-Nambu-
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Goldstone boson of a spontaneously broken global sym-
metry. Rather than attempting to solve the hierarchy
problem, they ‘“delay the day of reckoning” and address
a maybe secondary, yet very relevant problem, namely, to
reconcile the fact that the measured values of the electro-
weak parameters show no impact from NP, even on the
level of quantum corrections with the expectation that NP
quanta exist with masses around the 1 TeV scale so that
they could be produced at the LHC. In some of these
models, to achieve this program consistently, one needs
an additional discrete symmetry [24-26] called T parity.
One way of consistently implementing 7 parity also re-
quires the introduction of the so-called mirror fermions—
one for each quark (and lepton) species—that are odd
under 7 parity and family-wise mass degenerate. This
introduces two 3 X 3 mixing matrices, Vg, and Vy,, nei-
ther of which need to be close of the CKM matrix, but they
are related to each other [54]:

V[J-r[dVHu = Vekm- (24)

Since the CKM matrix does not differ too much from the
identity matrix, one realizes that LHT contributions exhibit
a clear correlation of the phases in the charm and strange
sector.

In this note, we will analyze a subclass of little Higgs
models, namely, littlest Higgs models with T parity (LHT)
[22,28]. In our view, they possess several significant strong
points:

(1) They contain several states with masses that can be
below 1 TeV; i.e., those states should be produced
and observed at the LHC.

(i) Compared to supersymmetry models, they intro-
duce many fewer new entities and observable
parameters.

(iii) Their motivation as sketched above lies outside of
flavor dynamics. Thus, they have not been ‘“‘cooked
up” to induce striking effects in the decays of
hadrons with strangeness, charm, or beauty.

(iv) Nevertheless, they are not of the minimal flavor
violating variety.

(v) The impact of LHT dynamics on K, B, and also D
transitions has been explored in considerable detail,
and potentially sizable effects have been identified
[30,55-62].

(vi) Especially relevant for our study is the fact that they
can have an observable impact on D° — D° oscil-
lations [29,63]. Also, sizable indirect CP violation
can arise in DY decays [29] very close to the present
experimental upper bounds. Having seen such large
effects in AC = 2 transitions coupled with the
possibility of the existence of large CP violating
phases, one would naturally ask whether it is pos-
sible to see the same in AC = 1 transitions such as
D— X, I"1.
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B. LHT contributions to D — X,[71~

As T parity forbids tree level coupling of SM particles
with the new 7T-odd particles, LHT makes its presence felt
only through loop contributions from internal mirror fer-
mions and heavy gauge bosons. Unlike the case of B and
K, the new T-even heavy top quark does not contribute and
hence any new contribution from LHT comes from the
T-odd particles. The following are the modifications of the
SM functions in Eq. (5). The auxiliary functions are de-
fined explicitly in Appendix B.

3
Ci(x)= 64 f2 (xS(x) 8xR,(x) + 2% + 2xF2(x))
D) = 1 % (Puto) + 3 o) + 0y o)
1v 1 1
B = 3 % (B0 + 3 Eao) + 15 o)
1 2
D) =5 72 (040 + Q3 By + 0 E)
1 1 1
Ej() = ;7 ;—(Eo(x) + S BN + 7 Eo(x’))
1
Viey) =g %[su) + Fy(x,y) = 4(Gz(x,y)
+ GA(x/: yl) + Gn(x: y))]) (25)
where
— m%-lt m%—[[ A — 5
B my,  mz’ T  tan’fy
mj, _ mj, , 1
y=—==—7 y = ay, n=- (26)

« = 2/3 is the charge of the up-type quarks, my_ is the
mass of the mirror quark in the i family, and my, is the
mass of the heavy internal neutrino. The functions
Fy(x,y), Gz(x,y), G4(x, y), and G, (x, y) are contributions
from WW, ZZ, AA, and ZA box diagrams with heavy
internal neutrinos, respectively. A complete list of
Feynman diagrams can be found in [61]. Since the operator
structure is the same in LHT as in SM, the expression for
the decay rate and the asymmetries remain the same with
the necessary modifications of the Wilson coefficients.
QCD corrections to the LHT contributions have been
ignored; after all, we do not know the model parameters,
and these numerical exercises serve to show whether such
models can be significant for such observables.

IV. NUMERICAL FINDINGS
ON LHT CONTRIBUTIONS

The structure of the mirror fermion sector leaves us with
a lot of liberty to choose the parameter space we wish to
scan. However, constraints from B and K physics set very
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stringent limits on the viable parameter space for probing
D physics. In what follows, we define an operational
parameter space and what effects LHT can bring about in
D— X, "1,

A. LHT parameter space

We continue to use the same parameter sets that we used
to study the processes D® — yy and D° — u* u™ in our
previous work [30]. We vary the mirror fermion masses
and the mixing angles and phases over the parameter sets,
keeping the breaking scale of the nonlinear sigma model
fixed at 1 TeV [64]. The LHT has 20 new parameters of
which the ones which will be relevant to us are as follows:

(1) The LHT breaking scale f =1 TeV is fixed by

choice.
(i) The masses of the three family-wise degenerate
T-odd mirror quarks, mg, my,, mys range from
300 to 1000 GeV.

(iii) There are three independent mixing angles in Vy,,,
0y, 013, 035.

(iv) There are three irreducible phases in Vy,, 01,,
81, 8.

The parameter space used for these analyses is a set that
satisfies all experimental constrains from B and K physics.
A small parameter set was also used, which did not follow
such constraints to check whether constraints from B and K
physics affects LHT contributions to D physics. However,
even the parameter set that is not constrained does not have
large mass hierarchies in the mirror fermion sector.

The mass spectrum for both the parameter sets is illus-
trated in Figs. 1. Using Eq. (24), the angles and phases of
V.. were calculated from those of Vy, and hence were
constrained by B and K physics too for the first parameter
set and not so for the second. Histograms of the parameter
space of the angles and phases are shown in Figs. 2. The
angles and phases are family-wise paired.

B. Impact on I'p,(D — X, I117)

As we have seen in Sec. I A, the dominant SM contri-
butions to I'sp(D — X, [*17) are through the y penguin in
the Oqy operator and some from the mixing of O;_g with
Oy. The subdominant contributions come from the two-
loop O(a) term in C;. Hence, part of the dominant effect
and the subdominant effect both come from QCD correc-
tions. All other contributions are smaller by orders of
magnitude. We saw in our previous work on D — yy
and D — u* u~ [30] that LHT is capable of producing
large enhancements through box diagrams with internal
heavy fermions and heavy gauge bosons just as in D’ — D°
oscillation [29] and somewhat moderate enhancements to
Z; penguins. However, the enhancement to effective y
vertices are tiny compared to the SM contributions.

In D — X,I"1~, we confirm our previous conclusions.
The decay rate was calculated for three different internal
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FIG. 2. Histogram of the parameter space of the angles and phases in Vj,. Counts in any bin is represented in gray scale, the darker
representing higher density.

heavy neutrino masses of 400 GeV, 600 GeV, and inclusion of LHT. Removing constraints from B and K
1100 GeV. We see very tiny change in both the differential ~ physics does not make much difference either as can be
decay rate and the integrated decay rate at O(1%), as can  understood from comparing Figs. 3(a) and 3(b). Our result
be seen from Fig. 3 in which the abscissa represents  is different from what was found in [66], which used the
the percentage enhancement to the SD decay rate after  littlest Higgs model without T parity. Without T parity, the
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FIG. 3.

SU(2) custodial symmetry protecting the electroweak p
parameter is explicitly broken at scales below 4 TeV [23],
which is brought about by the U(1)y gauge boson. This
model allows large tree level FCNC mediated by the cou-
pling of the Zy and Ay heavy gauge bosons with the SM
quarks. The enhancements seen in [66] is because of the
existence of these tree level FCNCs which are absent from
LHT. Hence, LHT makes almost no changes to C; or Cg
above SM contributions and hence fails to enhance the
decay rate. This essentially means that any LHT contribu-
tion to the decay rate fails to significantly dent SM-SD con-
tributions and is completely swamped by SM LD effects.

C. Impact on Ay, Alp, and ALE

As we have seen earlier in Sec. II B, the SM contribution
to Afp is all but nonexistent due to tiny SM contributions to
Cio- In LHT, C;, gets enhanced by orders of magnitude,
which brings about a large enhancement in Agg. This effect
is similar to what was observed in [66], but comes from box
diagrams involving 7-odd heavy internal degrees of free-
dom rather than tree level FCNC. It is also commensurate
with the enhancement we found in SD contribution to
I'(D° — w* ™) [30] from LHT. This is due to the fact
that SD contribution to I'(D® — " ™) comes from O,
and Agy is highly sensitive to the same. However, even with
such a large enhancement, the absolute value Afy after
including the LHT enhancement can at most be of O(0.5%)
as can be seen from Fig. 4. Studying Figs. 4(a) and 4(b)

(Tot—Tsm)/T'sm % (SD)

(b) Not Constrained by B and K Physics

(Tot—Tsm)/T'sm % (SD)

Percentage change of the SM-SD contribution to I'sp(D — X,,I* 1) due to LHT effects.

shows that removing constraints from B and K physics
creates large relative enhancements—it can be as much as
1% (or rarely more)—but they do not enhance it to sizable
absolute effects.

On the other hand, A, depends mostly on C; and Cy,
which we have already seen suffers almost no enhance-
ment from LHT. However, as A¢,, is quite sensitive to the
phases in these coefficients, it gets enhanced by a few
factors over the SM value and can be as large as 4 times
the SM value. This can be seen from Fig. 5, where we plot
the ratio of the total A, including the LHT enhancements
to the SM value of the same. However, this still keeps A¢.,
at O(10™%) — 0(1073) and hence the absolute measure of
the CP asymmetry is still experimentally challenging. The
unconstrained parameter set allows for slightly larger en-
hancements to A¢.p, but is limited to almost the same order
of magnitude.

The contributions from LHT models can enhance ASL so
much as to bring it up to possibly measurable values. As
pointed out in Sec. I B, AS, is sensitive to any phase in
Cio- LHT cannot only enhance the magnitude of C;, by
orders of magnitude, but also brings about the possibility of
existence of a very large phase in it. For C; and Cy, the
effect is dominated by phases from QCD radiative correc-
tions. The existence of this large phase and the tangential
dependence of ASE on it results in the huge enhancement
that we see in ASL, as illustrated in Fig. 6 where we plot the
total ASL after the inclusion of LHT effects. This is

114006-9



AYAN PAUL, IKAROS I. BIGI, AND STEFAN RECKSIEGEL

PHYSICAL REVIEW D 83, 114006 (2011)

m;,= 400 GeV m;,= 600 GeV m;,= 1100 GeV
2500 2500 1 2500
2000 2000 2000
8 2 8
< 1500 1 € 15001 1 € 1500
3 3 3
o o o
O 1000 [ © 1000 [ 1 © 1000
500 500 500 |
o ‘ o, R ob R
-5 -10 =05 0.0 0.5 1.0 1.5 -5 -10 -0.5 0.0 0.5 1.0 1.5 -1.5  -10 -05 0.0 0.5 1.0 1.5
A‘ FB (total) % A‘.FB (total) % A‘ FB (total) %
(a) Constrained by B and K Physics
m;,= 400 GeV m,;,= 600 GeV m;,=1100 GeV
wl e wl e ol st
60 60 60 [
[2] [2] []
- - -
c c c
3 401 3 3 401
o o o
o o o
20 20
0 -5 -10 -05 00 0.5 1.0 1.5 -1.5 -10 =05 0.0 0.5 1.0 1.5 -1.5 -1.0 =05 00 0.5 1.0 1.5
A‘ FB (total) % AL FB(total) % A(FB (total) %

(b) Not Constrained by B and K Physics

FIG. 4. Agg after including LHT effects.

commensurate with what was observed in [29] for CP
violation in D° — DY oscillations. For both the constrained
[Fig. 6(a)] and unconstrained [Fig. 6(b)] sets, more than
10% of the parameter set can produce asymmetries of

O(10%) or greater. As explained in Sec. II B, we relate
AEF with SD contribution to D — [*1~ X, which amounts
to a branching ratio of 1.5 X 107°. With a sample of
103 D mesons, NP intervention should be measurable
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FIG. 5. Enhancement to A, over SM, after including LHT effects.
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FIG. 6. Large enhancements in AL, after including LHT effects.

for ASY > 5%. Such effects could be within the reach of to
the currently running LHCb experiment and ones like the
planned and approved SuperB Collaboration.

D. Correlation between A§p and I'sp(D — X, I717)

In Fig. 7, we plot the correlation between Agpy and
I'sp(D — X, I717). These plots look at first chaotic, yet a
careful (and time consuming) study reveals a pattern. For
“low” heavy neutrino masses m,;, = 400 GeV, 600 GeV,
the LHT parameter sets that enhance I'sp(D — X, [717)
can produce positive Afg in some regions and negative
ones in others; on the other hand, sets decreasing I'sp (D —
X, I"17) can also produce positive and negative Af, but in
others regions. Those low heavy neutrino masses are

within the range of masses used for the mirror quarks in
this study. However, for m; = 1100 GeV, those LHT
parameters that increase the SD branching ratio produce
mostly a negative Afp, while sets decreasing the SD
branching ratio lead mostly a positive Afg. At this mass,
the mirror neutrino is heavier than any of the mirror quarks.

This behavior can be understood quite well. Dependence
on the heavy neutrino mass exists only in the box diagrams.
The sign of Afy depends on the sign of Cy, which depends
on the relative size of the mirror quarks and heavy neutrino
masses, which comes from box diagrams. At less than
1 TeV, this can go either way, with the neutrino being
either heavier or lighter than one or more of the mirror
quarks, with slightly greater chances of being lighter than

m;,=1100 GeV

m;, =400 GeV

)

Sgn(A°rs)Log, | A% s %]
Sgn(A°rs)Log, | A%rs %]

m;, =600 GeV

J

Sgn(A°rs)Log, (| A°rs %]
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Log [T/ Tspl x 10°

Logg[Tot/Tspl x 10°

0.0 0.5 1.0 1.5 -0.5 0.0 0.5
Log,q[Tyot/Tsul x 10°

FIG. 7. Correlation between Afy and I'sp(D — X,,[*17). The gray points represent the constrained set and the black ones for the
unconstrained one. The big black spot represents the SM values.
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them. At above 1 TeV, the heavy neutrino is always heavier
than the mirror quarks used. Also, enhancements to
I'sp(D — X, I717) are quite sensitive to the box diagrams
through both C, and Cy. This leads to the sharp change in
the correlation we see in Fig. 7.

We do not see any such correlation in A, vs I'sp(D —
X, I17) or Agy vs AG,; after all, AZ, is blind to Cy and
hence less sensitive to the box diagrams, as in this case they
manifest themselves only through Cq. Furthermore, we see
no correlation in ASY vs T'gp(D — X,,[717) or ASE vs Agg,
since ASL is not affected by the magnitude of C),, but
rather by the CP violating phase in it; that information is
lost in both I'sp(D — X, I717) and A§,. Last, we see no
correlation between A¢., and ASL, even though both are CP
violating parameters. This reinforces our earlier statement
that the sources of CP violation are distinct in these
parameters, with the former coming from phases in C;
and Cy and the latter coming from a phase in Cy.

V. FURTHER INSIGHTS INTO
FCNCS IN LHT-LIKE MODELS

Our work on the impact of LHT on D° — yy/u* u™
[30] had lead us to some general conclusions on the struc-
ture of FCNCs within a LHT-like framework. As defined
previously, this framework contains

(1) A second sector of fermions that are an exact copy of

the SM ones.

(i1)) Mass mixing matrices, which are unitary and

loosely connected to Vi [Eq. (24)].

(ii1) Possible large angles and phases in the mass mixing

matrices.

(iv) Possible large hierarchies in the masses of the

mirror quarks.

(v) A symmetry, like T parity, segregating the NP sector

from the SM sector, hence forbidding tree level
FCNC.

We shall, after further investigation, relax the second con-
dition to:

(i) Mass mixing matrices that are constrained by a
relationship between the one(s) connecting the new
up-type quarks with the SM down-type quarks to the
one(s) connecting the new down-type quarks with
the SM up-type quarks.

In general, FCNCs are a very sensitive probe to the
details of the flavor structure of both the SM and any NP
models, as they highlight not only mass hierarchies within
a theory but also are sensitive to phases within the same.
Moreover, it is possible to disentangle the effect of phases
and fermionic mass hierarchies on FCNCs in a model
independent way if we have access to more observables.

D — X,I"1~ wins over D* — yy and D° — u" u~ by
leaps and bounds in this respect. While D° — v is sensi-
tive mostly only to O, and D® — u™ ™ is sensitive only
to 0,9, D — X, [" 1~ is not only sensitive to all of that but
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also to many more. Moreover, the final state being a three
body final state, this channel can also be probed through
forward-backward and CP asymmetries, hence opening
the possibility of probing phases in any model, too.

As we noted above, the SD contribution to the branching
fraction is dominated by the photonic penguin in Og, while
Afp 1s highly sensitive to Oy, A¢p to the mixing between
0, and Oy, and A, to the phase in Cy. Studying D —
X,[T1” in a sufficiently precise way, we can learn the
impact of several operators and then comment on other
rare decays. Logically, we should have started our analysis
with D — X,I71~ and then applied our findings to the
simpler cases of two-body rare decays. Instead, we started
with our analysis of two-body rare decays, from which we
extracted some conjectures; they happened to be correct in
more general theoretical situations.

From our results, we see that, through LHT dynamics,
Afp gets orders of magnitude enhancement through the
enhancement of Cjy, which is commensurate with the
orders of magnitude enhancement that we had seen in
the SD contribution to D® — w* x~, which was ultimately
overshadowed by the LD contribution to the branching
fraction. We see almost no enhancement to C,, which
agrees with the lack of enhancement that we noted in
D" — yy. Itis not that C; gets absolutely no enhancement
from LHT. The purely electroweak part of C; does get
moderately enhanced. However, this enhancement is com-
pletely overshadowed by the SM two-loop O(«a;) QCD
correction, something which is peculiar to the D meson
system and not seen in the B system. In addition, we also
see almost no enhancement to Cy coming from the fact that
photonic penguins are not enhanced by LHT, which results
in a lack of enhancement to the branching fraction of
D— X, "1,

Intuitively, one might think that the situation for A,
should be different as it is sensitive to phases in Cy and C7,
and LHT allows for large phases in the mixing matrices. In
a purely electroweak SM scenario, this would have been
true. However, A¢,, gets an unusual boost within the SM
from the unusual two-loop O(a,;) QCD correction, some-
thing that LHT can barely overcome. Coupled to the fact
that Cy does not gain much from LHT, enhancements to
A¢p fail to impress. The validity of the previous statement
is further tested when we see orders of magnitude enhance-
ment in ASE as it gets a boost from the introduction of a
large phase from LHT while it is completely clean of
phases from the SM.

So what does this tell us about LHT-like models and
their effects in flavor physics? In principle, in any such
model, large angles and phases in mass mixing matrices
and large fermionic masses and sharp hierarchies amongst
them are possible. However, one has to satisfy the experi-
mental constraints that we already have in B and K physics.
At this point, one will have to choose between large angles
and phases or huge hierarchies in the fermionic masses as
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experimental data already tell us that the extra fermions
have to be heavy. Making such a choice automatically
limits the size of NP intervention in yet unobserved
FCNC processes, specially in AF = 1 processes, even if
AF = 2 processes can escape these limits and absorb NP
contributions. However, an exception to this rule occurs
when these large phases from new physics are laid bare and
have purely SM electroweak effects to compete with as in
the case of ASE, where we see large effects even in a
parameter, which is a measure of a AF =1 process.
Hence, let us have a more thorough look at the diagram-
matic details of NP intervention from LHT-like models.

VI. ON BOXES AND PENGUINS IN NEW PHYSICS

Because of CPT symmetry, CP violation can enter only
through complex effective couplings. In the SM, they can
arise only for the weak boson couplings to quarks as
described by CKM matrices. They are necessarily unitary,
since all quark masses are given by a single vacuum
expectation value of a neutral Higgs multiplied by num-
bers, not a matrix. The concept of “weak universality’” was
first put forward by Cabibbo in 1967 [67]. Afterwards, it
was scrutinized experimentally. Later, it was understood if
the weak forces are embedded—as it applied to the SM—
in a single non-Abelian gauge theory, weak universality
has to hold. There is the singular value decomposition
theorem, which tell us that the matrices relating mass and
flavor left up and down quarks are unitary and therefore
their matrix product—the CKM matrix—is also unitary.
For N = 2 families, their phases can be transformed away,
for N = 3 there is one irreducible phase that is therefore
observable. CP violation can surface in processes where
quarks from three families can contribute as real or virtual
entities. The latter happens in SM, since FCNCs arise
effectively through quantum corrections, namely, box and
penguin diagrams [68]. There are box diagrams in only one
kind, the WW box. Penguins come in three varieties: the
Z;, the v, and the gluon penguins are particularly essential
for direct CP violation.

For N families, the unitarity of Vi translates into [69]

N
Ai
=1

8j  With A, = V5V, 27

1

with [A;| >0 for i = 1,2...N families, with {i} coming
from the down-type sector and {j, k} coming from the up-
type sector; i.e., a triangle equation in the complex plane:
CP violation arises at the mass generation. If two of the
quark were mass degenerate, CP invariance would survive
mass generation—yet it is not the case on our world.

If the SM contained a fourth family, it could—and
probably would—have two more observable phases with
more independent CP asymmetries.

That very fact that in the SM one has to study transitions
where quarks from three families contribute reduces the
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number of “interesting” cases for CP violation very sig-
nificantly. The observation that absolute values of off-
diagonal elements of Vg are small, even tiny, in most
such cases are experimentally “‘challenging” at least—
except in beauty decays, since leading decays are so sup-
pressed and therefore make them experimentally challeng-
ing for a different reason. It was expected that absolute
values of the off-diagonal elements are small, but it was
surprising that |V,,.|, [V,,l, etc. are so tiny, namely, much
smaller than |V,|. Originally, it was conjectured—based
on no good theoretical reason—that also the CKM phase is
small. Now, we know that the CKM phase is not small.
Therefore, NP is likely to exhibit also sizable phases—Ilike
LHT.

The size of CP asymmetries depends on the phases, the
absolute values of the quark mixing matrix elements, and
the masses of the internal virtual gauge bosons and fermi-
ons and their mass hierarchies. Let us analyze to what
degree each criterion can be fulfilled in this class of NP
models we call LHT-like for box and penguins. The range
of masses of mirror quarks and Wy and Zy is rather
limited—for two very different reasons: (a) None have
been found up to ~200 GeV. (b) They could be much
higher like 10 TeV or even 100 TeV. Then they could not
be directly produced at the LHC. Therefore, we stop our
analysis at the 1-2 TeV scale. In that case, some of the new
states could mix significantly. The gauge boson mass is
also of the O(1 TeV). Large angles and phases are possible
but limited by experimental constraints from B and K
physics. Also, quite important to our analysis, hierarchies
in fermionic masses are very small, a lot smaller that what
we find in the SM.

In LHT-like models, the operators with new degrees of
freedom are similar to the SM-SD ones. Hence, they scale
similarly to the SM-SD operators, which has been estab-
lished for decades now [35] and has been used extensively
to qualitatively judge the size of flavor dynamics ever
since. Let us reexamine this scaling behavior. Of course,
this scaling is only an approximation of the detailed form
factors, however, most of the time, such approximations
are enough to estimate the size of many effects in flavor
physics. The mass hierarchy in the new fermionic sector
can be established with

m¢ =m{h{ VYV i=1...N. (28)
Here, a distinguishes amongst the members of each family
which defines the sector to which the fermion belongs and
it is not summed over. It is possible to set h{ # 1 and
choose m{ to be any finite mass representative of the
physics in consideration. The form factors in flavor physics
can be approximately expressed as

F(x) = f,(x)(og(x)™  fn(x) = x",
n€l, m=0,1. (29)
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Ignoring QCD (or QCD-like) corrections, any matrix ele-
ments involving the processes mentioned above are of the
form

le -~ /\lF (x,-).
1

(30)

N

1

Here, x¢ = (m¢/mg)? is the commonly used square of the
ratio of the internal fermion mass to the mass scale of the
massive gauge bosons. The superscript a has been dropped
as the matrix element usually involves just one sector. Using
the unitarity relation in Eq. (27), it can be shown that under
the hierarchy defined in Eqs. (28) and (30) scales as

N N N
D NF(x) = f(x) D NF(h?) + F(x) Y Aif (k). (31)
i=1 i=1 i=1

Note that the mass scale of the fermions does not suffer from
unitarity suppression, but the hierarchy does. In other
words, the only two ways of getting large matrix elements
are either to start at a very high mass scale for fermions or to
build a very strong hierarchy that will illude the unitarity
suppression, or both.
Now, let us have a look at boxes and penguins.

Box diagrams: Box diagrams scale as x for both large and
small x. Setting n = 1 and m = 0 in Eq. (29), we see that
contributions from these will scale as

N
M ~x; ) A2 (32)
i=1

This clearly tells us that box diagrams are sensitive to both
mass scales and large hierarchies. Hence, any NP model
containing either fermions with masses comparable or
greater than the gauge bosons or having a large hierarchy
amongst the families or both will make large contributions
through box diagrams.Z; penguins: Z; Penguins scale as
xlog(x) for small x and as x for large x. In the regime in
which they scale as x, the conclusion is the same as above.
Settingn = 1andm = 1inEq. (29), we see that if, for some
reason, NP offers small x, the contribution will scale as

N N
M ~x; Y Nk log(h?) + xylog(x) Y. Ak (33)
i=1 i=1
Hence, in addition to the conclusions drawn for large x, Z;
penguins will get large contributions from NP if the fermi-
onic masses are light compared to the gauge boson mass and
shows large hierarchies. However, such scenarios will
be very unusual if not unheard of in the NP models
currently under consideration.y and chromomagnetic
penguins: Electromagnetic and chromomagnetic penguins
scale as x for small values of x but are asymptotic to a
constant for large values of x. Hence, they can only benefit
from large hierarchies at fermionic mass scale smaller than
the gauge boson. Even if NP has large fermionic masses,
even with large hierarchies to offer, it will show up only as
moderate enhancements in this class of penguins.
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On the other hand, photonic penguins scale as log(x).
Hence,n = 0and m = 1in Eq. (29), we see its contribution
to matrix elements will scale as

N
M~ A;log(h?).

i=1

(34)

NP intervention will fail to produce any enhancement in
photonic penguins unless it has very sharp hierarchies to
offer in its fermionic masses. Large mass scales will have no
effect on photonic penguins.

A look at the mass spectrum of the heavy fermions,
Fig. 1, which we used in the previous study [30] and in
the present one, show that we have heavy mass scales in the
spectrum, but not large hierarchies. As a result, we get
large enhancements to purely electroweak processes,
which involve box diagrams and Z; penguins. Such is
the case for D® — u* ™ and Afy, where we see orders
of magnitude enhancement to SM-SD rates and also in
D — D oscillations. A5 too benefits from this effect. For
electromagnetic penguins and chromomagnetic penguins,
NP intervention can only be moderate. This explains the
small enhancements that we saw in D° — yvy, which is
primarily sensitive to Q5. However, in D — X, ["1~, the
dominant contribution, by orders of magnitude is the pho-
tonic penguins in Oq if we ignore QCD corrections which
are anyways blind to NP. Even if LHT manages to enhance
the other contributions, it falls short of the SM contribution
to Cy. Even the LHT contributions to the box diagrams and
Z; penguins in Oq fails to overcome the SM contribution to
the photonic penguins. Moreover, the photonic penguins
do not see much NP intervention, as we have already
argued.

This gives us a qualitative way of understanding why
LHT fails to enhance processes driven by AC = 1 dynam-
ics involving the D meson system unless QCD effects are
completely absent. This argument can potentially be ex-
tended to any other model which shares the same flavor
structure as LHT, what we have previously defined as LHT-
like. Of course, we always have to keep in mind that we are
heavily constrained from B and K physics and that limits
us in the parameter space that we can choose to work with.

VII. CONCLUSIONS

Charm hadrons, stable under strong forces, were pre-
dicted to keep the SM consistent with the observed sup-
pression of strangeness changing neutral currents, as was
their preference to decay into strange hadrons, with decays
into nonstrange hadrons being Cabibbo suppressed, and to
preserve renormalizability; they were even found in the
expected mass range. Therefore, decays of charm hadrons
were hardly seen as worth probing for manifestations of
NP. Furthermore, one realized that kaon and even more,
beauty hadrons could clearly exhibit NP signals, since their
leading SM decays are Cabibbo and KM suppressed. A
minority of authors argue that the probe for NP should not

114006-14



D — X,I*1~ WITHIN THE STANDARD ...

be given up in charm decays, since the SM weak phenome-
nology is ““dull” and one needs “only” many more statis-
tics there.

The case was somewhat strengthened after the observa-
tion of D° — D° oscillations, although it is not outside
some SM estimates. Furthermore, it was found that a class
of NP models like LHT that is motivated from outside the
flavor dynamics can yet produce a sizable contribution to
the observed D® — DO signal and can create much stronger
indirect CP violation [29].

D — X,I"1” is a good laboratory for NP, as it is rich in
its operator structure, and involves almost anything that
FCNCs have to offer, including direct CP violation.
However, we find that LHT fails to create a significant
dent to SM-SD contributions to this channel other than
significantly enhancing Agy and ASE for reasons we have
explained above. Moreover, the SM-LD contribution
dominates over both SM-SD and LHT contributions to
the branching fractions. We reiterate the conclusion that
we had come to in our previous work [30]: while LHT can
contribute significantly to AC = 2 processes, it fails to
dominate in AC = 1 processes with orders of magnitude
enhancements unless the contribution appears through box
diagrams and are bereft of relatively large QCD effects.

We also go ahead and have a second look at what we
previously defined as LHT-like models: again we found
that certain conclusions can be drawn about NP’s flavor
structure by studying weak decays independent of the other
details of the underlying model. The absence of large
hierarchies and unitarity of the new mass mixing matrices
within such NP models heavily limits the new FCNCs.
Also, we have shown that experimental limits in B and K
physics can be directly ported to give constraints on NP
intervention in D physics.
|
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During our analysis, we developed a more general con-
jecture: if NP models affect the dynamics of both the up-
type and down-type quarks in a tightly correlated way—as
shown in Eq. (24) in the case of LHT—they will mostly fail
to contribute significantly in AC = 1 dynamics, even if
they play a major role in AC = 2 processes. For con-
straints from AS = 1 and AB = 1, reactions will suppress
AC = 1 coupling greatly, since sensitivity for NP is often
greater in K and B decays because of their leading SM
transitions are Cabibbo or KM suppressed; otherwise it
would oversaturate for AC = 2 effects. The crucial feature
on the right-hand side of Eq. (24) is only that the CKM
matrix is very close to the identity matrix; the same con-
clusion should apply for any matrix in the right-hand side
that is close to the identity matrix. Of course, the validity of
this conjecture is yet to be tested in other AC = 1 pro-
cesses like direct CP violations in nonleptonic charm
decays, keeping in mind that charm transitions could still
produce surprises for us—and about SM’s “‘ability” to
cope with them. In the event that future experiments reveal
a clear manifestation of NP through enhancements in the
AC = 1 processes, it is unlikely that any LHT-like model
can be a “culprit.”
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APPENDIX A: QCD CORRECTIONS

Here, we include some of the numbers and functions
which appear in the QCD correction of the operators. The
function f(z) in Eq. (A1) is that which appears in the two-
loop O(ay) correction to C; given by [38]

1
flz) = — —=[576m223/2 + (3672 — 28872 — 1296/ (3) + (1944 — 32472) log(z) + 1081log(z)? + 361log(2)®)z

243

+ (324 — 5767* + (1728 — 2167r%) log(z) + 32410g(z)* + 361log(z)?)z>

s
+ (1296 — 1272 + 1776log(z) — 2052 log(2)?)z3] — %[(144 — 67 + 18log(z) + 181log(2)?)z

+ (=54 — 67> + 10810g(z) + 1810g(z)?)z* + (116 — 9610g(2))z3] + O(z*) (A1)
a= {% 188 —120.4086, —0.4230, —0.8994, 0. 1456} (A2)
z= {g 18 & —12.0.3469, —0.4201, —0.8451, 0.1317} (A3)

—3.5687 2.5813 0.40 0.6524 —0.0532 —0.0034 —0.0084
—4.0742  2.7827 040 0.8461  0.0444  0.0068 —0.0059
x| 22423 18290 00 43019 -0.1241 0.0001 —0.0452 (Ad)
—23.434 18.693 0.0 4.6894  0.071  0.0206 —0.0402
9.8081 —8.8366 0.0 —0.7779 0.0289 —0.0486 —0.1739
\ 28271  —32361 00 04903 00433 —0.1303 0.0056 /
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The vectors a and z [38], which appear in C5, are given by
Egs. (A2) and (A3). The matrix X is given by Eq. (A4).
The Wilson coefficients of the operators O|_g at u = my,
are given by [70]

8
Ci(my) =D hjg_aymy YV j=1...6  (AS)
i=3

with the initial condition

C (my) =10,1,0,0,0,0}. (A6)

The coefficient matrix hj; given by
( 1/2 —-1/2 0 0 0 0
1/2  1/2 0 0 0 0
1/6 —1/14 0.0510 —0.1403 —0.0113 0.0054
—-1/6 —1/14 0.0984 0.1214 0.0156 0.0026
0 0 —0.0397 0.0117 -0.0025 0.0304
K 0 0 0.0335 0.0239 —0.0462 —0.0112)
(A7)

The Wilson coefficients given in Eq. (A5) can be calcu-
lated using the anomalous dimension matrix given in
Ref. [38], with five active flavors for u = m,,. To calculate
C(m,), the same procedure with four active flavors for
my, = pu = m, will yield the necessary results.

APPENDIX B: AUXILIARY FUNCTIONS

The auxiliary functions that come into the LHT contri-
butions to D® — X, [* [~ are listed below. They can also be
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found in [61]. The function S(x) is a contribution from the
Z; penguin diagrams with internal mirror quarks, which
was pointed out in [71] and subsequently in [72]. It repla-
ces the divergence mentioned in [61], which was later
updated in [62]

3 1
Gz(x,y)=— ZU(X’ v, 1) Gulx,y)= EGz(X, y)

3
Gn(X,)’) = _EU(x’y’ na)

3
Fy(x,y) =§x— Fs5(x,y) +TF¢(x,y) +3U(x,y,1)

_ 1(x*log(x) 1
R0 == (o 1)
Fol gy = log) ylog(y)
506y (1—x)(y—x) 1=y (x—y)
Fo(ny) = 1ogs® y*log(y)
6\, Y (1_x)(y—x) (l—y)(x—y)
. xlog(x) 1
Rz(x) - ((1 _x)z + 1 _x)
x2—2x+4 T—x
A el A ()
B log(x) y*log(y)
(S A e R Oy
n*log(n)

=G — )=y B
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