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The CDF and LHCb experiments have recently provided two intriguing hints for new physics: a large

forward-backward asymmetry in t�t production and a direct CP asymmetry in D decays of order of a

percent. In both cases, flavor nonuniversal interactions are required in the up sector, raising the possibility

that the two effects come from one and the same new physics source. We show that a minimal model, with

an extra scalar doublet, previously suggested to explain the top data, gives—without any modifications or

additions—a contribution to CP violation in charm decays that is of the right size.
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Introduction to �ACP.—The Large Hadron Collider
beauty (LHCb) experiment has announced evidence for
direct CP violation in singly Cabibbo-suppressed D
decays [1],

�ACP � ACPðKþK�Þ � ACPð�þ��Þ
¼ ð�0:82� 0:21� 0:11Þ � 10�2: (1)

The updated world average for this asymmetry is [2]
�ACP ¼ ð�0:65� 0:18Þ � 10�2, which is more than
3:5� away from zero. Here,

ACPðfÞ ¼ �ðD0 ! fÞ � �ð �D0 ! fÞ
�ðD0 ! fÞ þ �ð �D0 ! fÞ : (2)

In �ACP, that is the difference between asymmetries,
effects of indirect CP violation cancel out [3]. (Due to
different decay time acceptances between the KþK� and
�þ�� modes, a small residual effect of indirect CP
violation remains.) Thus, �ACP is a manifestation of
CP violation in decay.

The standard model (SM) contribution to the individual
asymmetries is CKM (Cabibbo-Kobayashi-Maskawa)-
suppressed by a factor of

ICKM � 2 Im

�
VubV

�
cb

VusV
�
cs

�
� 1:2� 10�3 (3)

and loop-suppressed by a factor of order �sðmcÞ=�� 0:1.
(For the numerical estimate of Eq. (3) we use [4] jVcbj ¼
0:041, jVubj ¼ 0:0035, jVusj ¼ 0:23, jVcsj ¼ 0:97, and
sin� ¼ 0:93.) While perhaps one cannot exclude an en-
hancement factor of order 30 from hadronic physics
[5–13], in which case (1) will be accounted for by SM
physics, this situation seems unlikely. It is thus interesting
to find new physics that can contribute to �ACP a factor of
order 10 higher than the SM [2,3,14].

Introduction to At�t
FB.—The Collider Detector at Fermilab

(CDF) Collaboration has announced evidence for a large
forward-backward t�t production asymmetry for large in-
variant mass of the t�t system [15]

At�t
h � At�t

FBðMt�t � 450 GeVÞ ¼ þ0:475� 0:114; (4)

to be compared with the SM prediction [16–18], ðAt�t
h ÞSM ¼

þ0:09� 0:01. Equation (4) updates (and is consistent
with) previous CDF and D0 measurements of the inclusive
asymmetry [19,20].
The source of the asymmetry must be in the quark

process u �u ! t�t. The large effect is suggestive of interfer-
ence between a tree-level exchange of a new boson with an
electroweak-scale mass and the SM gluon-mediated am-
plitude (see Ref. [21] and references therein). Moreover,
the couplings of the intermediate boson cannot be flavor
universal.
It is interesting to note that both �ACP and At�t

FB are
related to flavor physics in the up sector. Could the two
measurements be related to each other? In this Letter, we
show that a mechanism previously studied to explain At�t

FB

[22] predicts a new physics contribution to �ACP that is
quantitatively of the right size, namely, a factor of
Oð10–100Þ above the SM.
Scalar-mediated At�t

FB.—In Ref. [22], we investigated (in
collaboration with K. Blum) whether the large value re-
ported by CDF for At�t

FB at large invariant mass Mt�t can be
accounted for by tree-level scalar exchange. We considered
top-related measurements, flavor constraints, and electro-
weak precision measurements. We reached the following
conclusions. Out of the eight possible scalar representa-
tions that are relevant to At�t

FB, only the color-singlet weak-
doublet

�� ð1; 2Þ�1=2 ¼
�0

��

 !
(5)

can enhance At�t
h and remain consistent with the low bin t�t

asymmetry and the total and differential t�t cross section.
Roughly speaking, the relevant Yukawa coupling should be
Oð1Þ, and the mass of the scalar should be below
�130 GeV. (See also Refs. [23–26].) Two types of cou-

plings of � can contribute to u �u ! t�t: (1) X13q
y
L1�tR and
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(2) X31q
y
L3�uR. There is no tension with the differential or

total t�t production cross section. Both couplings are con-
strained by flavor physics: (1) The X13 coupling is strongly
constrained by K0 � �K0 and/or D0 � �D0 mixing and so
cannot generate a large At�t

h . (2) The X31 coupling is not

strongly constrained by neutral meson mixing or by Rb. If
�� couples to the three left-handed down generations with
CKM-like suppression OðVtqÞ, then it contributes to the

branching ratio of �B0 ! �þK� more than 2 orders of
magnitude above the experimental bounds. If, on the other
hand, the X31 coupling is carefully aligned so that ��
couples only to bL (but not to sL and dL), then it can be
large enough to explain At�t

h . Thus, the relevant Lagrangian

terms for the new weak doublet field are given in the quark
mass basis as follows [22]:

L� ¼ �Vð�Þ þ 2�½�0 �ULiVibuR þ�� �bLuR þ H:c:	;
(6)

where ðULÞ1;2;3 ¼ uL, cL, tL. Equation (6) assumes that the

coupling �� �QL3uR is defined in the weak basis where the
down-type Yukawa matrix is diagonal. The �Vtb�

0 �tLuR
coupling accounts for the forward-backward asymmetry in
t�t production, with

j�j * 0:6; M� & 130 GeV: (7)

(For further details, see Ref. [22].)
Scalar-mediated �ACP.—In addition to the coupling to

�tLuR, the neutral scalar�
0 couples uR to the lighter two up-

type quarks: �Vcb�
0 �cLuR þ �Vub�

0 �uLuR. Integrating out
the�0 field, these couplings lead to the following effective
four-quark coupling:

4j�j2
m2

�0

VubV
�
cbð �uRcLÞð �uLuRÞ: (8)

This operator contributes, via annihilation diagram (c �u !
u �u), to both D0 ! KþK� and D0 ! �þ�� decays. In the
U-spin symmetry limit, the resulting asymmetries in the
two modes are equal in magnitude and opposite in sign.

Thus, the expected size of �ACP from the interference
between the new physics (8) amplitude and the SM
W-mediated tree amplitude is

�ACP ¼ 2
ffiffiffi
2

p ðG0=GFÞICKMIQCD � ð2–7Þ � 10�2IQCD: (9)

The various factors in this equations are the following: The
factor of 2 comes from the opposite sign asymmetries in
the U-spin limit. G0 is defined as G0 � 4j�j2=m2

�0 .

Equation (7) implies that G0=ðGF=
ffiffiffi
2

p Þ � 10–30. ICKM is
the CKM suppression factor defined in Eq. (3). Its value is
known to a good approximation, including the CP violat-
ing phase. IQCD includes all the hadronic aspects of the

decay: ratio of matrix elements, the price for annihilation
(if any), U-spin violation, and the strong phase. Thus on
one hand, all the electroweak parameters are well-known,
but on the other hand, the hadronic physics introduces an

order of magnitude uncertainty and further prevents us
from predicting the sign of �ACP.
Compared to the SM, the scalar contribution is tree

level, and a loop suppression, naively of order�sðmcÞ=��
0:1, is avoided. Moreover, the contribution is enhanced by
the requirement that G0 
 GF (to account for At�t

FB). It
involves, however, annihilation, which introduces a sup-
pression factor that is naively of order fD=mD � 0:1. The
authors of Ref. [6] argue, on the basis of experimental data,
that tree-level annihilation amplitudes are large and do not
suffer 1=mc suppression. In any case, it is plausible that
hadronic physics, e.g., the strong phase, provides the mild
suppression IQCD � 0:1–0:3 that is necessary to make the

theoretical prediction (9) consistent with the experimental
result (1).
We conclude that our model predicts �ACP of order of a

percent.
Scalar-mediated �0=�.—The same Yukawa couplings of

�0 that unavoidably contribute to direct CP violation in D
decays also unavoidably contribute to direct CP violation
in K decays. The former effect comes at tree level and
modifies �ACP. The latter effect comes via a box diagram,
involving �0 and a W boson and modifies �0=�. This type
of relation was pointed out in Ref. [2]. Their analysis
cannot, however, be directly applied to our model, since
it makes use of an effective Lagrangian with a scale of new
physics that is similar to or higher than 1 TeV. Instead, we
carried out a full calculation of the relevant box diagram.
We find that the couplings of Eq. (6) lead to the follow-

ing effective four-quark coupling:
ffiffiffi
2

p j�j2GF

�2

lnx�
1� x�

V�
udVcsVubV

�
cbð �dLuRÞð �uRsLÞ; (10)

where x� � m2
�0=m

2
W . To estimate the contribution of this

operator to �0=�, we use

Re

�
�0

�

�
¼ � !ffiffiffi

2
p j�jReA0

�
ImA0 � 1

!
ImA2

�
: (11)

We further use the recent lattice calculation of the relevant
matrix element [27] and obtain, for the scalar-mediated
contribution, ½ImA2	� ¼ �ð5:6� 7:7Þ � 10�12 GeV, a
factor of 8–11 above the SM value [27], ½ImA2	SM ¼
�ð6:8� 1:4Þ � 10�13 GeV. Inserting these ranges into
Eq. (11), we find Reð�0=�Þ� ¼ �ð6:3� 2:3Þ � 10�3, com-

pared to [27] Reð�0=�ÞEWP ¼ �ð6:5� 1:3Þ � 10�4.
Our result for ImA2 can be combined with the experi-

mental results for ReA2, ReA0, and �0=� to obtain the
unknown ratio

ImA0

ReA0

¼ �ð4–7Þ � 10�4; (12)

which is a factor of about 3 above the value extracted within

the standard model [27], ImA0

ReA0
¼ �ð1:6� 0:3Þ � 10�4.

Given the large hadronic uncertainties [28], such an
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enhancement cannot be used to exclude our model. Below
we mention other ways in which the model can be tested.
We note, however, that had it been possible to exclude the
model based on �0=�, it would have led to the interesting
result that there is no viable single scalar-mediated mecha-
nism that can explain the large value of At�t

h .

Additional phenomenological aspects.—In this section,
we assume throughout that Eq. (6) describes the full set of
interactions of the scalar weak doublet with fermions and
that�0 is a mass eigenstate. We postpone the discussion of
additional couplings, beyond those that are required to
explain At�t

FB, to future work.
The scalar exchange contributes to D0 � �D0 mixing via

box diagrams. Requiring that this contribution is not larger
than the experimental constraint from �mD gives [22]

j�j4
32�2

�
100 GeV

m�0

�
2ðVubV

�
cbÞ2 < 7� 10�9: (13)

Given that j�j ¼ Oð1Þ and m�0 � 100 GeV, the new con-

tribution is a factor of order 100 below the experimental
value, which is negligibly small for both �mD and indirect
CP violation [29].

As concerns D decays, the operator (8) contributes to
neither Cabibbo favored, nor doubly Cabibbo-suppressed
decays. Thus it affects only the singly Cabibbo-suppressed
decays. Given that it is suppressed by the fifth power of the
Cabibbo angle, the effects on the rates of these decays is
negligible, and it can be signalled only via CP violation.

We note that this model predicts a contribution to the CP
asymmetry in both the D0 ! KþK� and D0 ! �þ��
channels, and so measurements of the individual asymme-
tries by the LHCb Collaboration would be useful. Previous
experiments and, in particular, the recent CDF result [30]
lead to a world average of [31]

ACPðKþK�Þ ¼ �0:0023� 0:0017;

ACPð�þ��Þ ¼ þ0:0020� 0:0022; (14)

consistent with the U-spin prediction of equal magnitudes
and opposite signs.

The scalar exchange also contributes in principle to the
LHC charge asymmetry in top pair production. We find
that the parameter space of mass and coupling of the weak
doublet relevant for explaining the t�t forward-backward
asymmetry and �ACP is at present unconstrained by the
CMS [32] and ATLAS [33] results at the 2� level.

Since the required mass range for m�0 is 100–130 GeV,

the question arises whether �0 can be discovered via
present Higgs searches at ATLAS and CMS. Here
the answer is, unfortunately, negative. The reason is that
the leading two-body decay mode of �0 is �0 ! c �u. The
decay to �� is generated only by an up-quark loop and is
suppressed by a jVubj factor. Furthermore, �0 does not
couple toWþW�, ZZ, and b �b and �þ��. Thus, none of the
decay modes that are used in the search of the Higgs boson

are useful to observe �0. The leading three-body decay
mode of �0 is �0 ! u �bW via an off-shell top.
The coupling of the charged scalar �þ in Eq. (6) is to

only the �bu pair. Therefore, it does not contribute to B
decays. It could be that� has couplings additional to those
of Eq. (6). For example, if it couples to �	, then it can
affect the B ! �	 decay. A discussion of additional cou-
plings beyond those of Eq. (6) is postponed to future work.
Finally, as discussed in Ref. [22], the model predicts a

large cross section for single top production and a large
branching fraction of the top to the new scalar and light
jets. A dedicated study is required in order to establish the
applicability of existing measurements [34]. On the other
hand, there is no observable effect on the production of
same-sign tops, since that would require not only a�0 �tLuR
coupling, as in Eq. (6), but also a �0 �tRuL coupling, which
is absent in our model.
Conclusions.—Evidence for a large forward-backward

asymmetry in t�t production (At�t
FB) has been observed by the

CDF Collaboration. Evidence for direct CP violation in
singly Cabibbo-suppressed D decays (�ACP) has been
observed by the LHCb Collaboration. Both effects are
suggestive of new physics that has nonuniversal interac-
tions in the up sector.
In previous work [22] it was found that, among the

single scalar-mediated mechanisms that can explain At�t
FB,

only the t-channel exchange of a weak doublet, with a very
special flavor structure, is consistent with the total and
differential t�t cross section, flavor constraints, and electro-
weak precision measurements. In this work we showed that
the required flavor structure implies that the scalar un-
avoidably contributes at tree level to �ACP. The relevant
electroweak parameters are either directly measured or
fixed by the top-related data, implying that, for a plausible
range of the hadronic parameters, the scalar-mediated con-
tribution is of the right size.
The model predicts large effects on �0=�, single top

production, and top decays. It can be excluded based on
better knowledge of the hadronic parameters in the calcu-
lation of �0=� or with a dedicated study of single top
production and top decay that takes into account the spe-
cial features of the model [34].
We find it intriguing that a single, highly constrained

mechanism might simultaneously explain the two mea-
surements. It motivates further study of possible experi-
mental signatures and tests as well as a search for a
theoretical framework that would give a natural explana-
tion to the required flavor structure.
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