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Alexey A Petrov

Department of Physics and Astronomy, Wayne State University, Detroit, Ml 48201, USA

CP-violating asymmetries in charm provide a unique probe of physics beyond the Standard Model. I review
several topics relevant to searches for CP-violation in charmed meson and baryon transitions.

1. Introduction

Charm transitions play a unique dual role in the
modern investigations of flavor physics. They provide
valuable supporting measurements for studies of CP-
violation in B-decays, such as formfactors and decays
constants, as well as outstanding opportunities for in-
direct searches for physics beyond the Standard Model
(SM). It must be noted that in many dynamical mod-
els of new physics the effects of new particles observed
in S, ¢, and b transitions are correlated. Therefore,
such combined studies could yield the most stringent
constraints on parameters of those models. For exam-
ple, loop-dominated processes such as D? — D0 mixing
or flavor-changing neutral current (FCNC) decays are
influenced by the dynamical effects of down-type par-
ticles, whereas up-type particles are responsible for
FCNC in the beauty and strange systems. Finally,
from the practical point of view, charm physics exper-
iments provide outstanding opportunities for studies
of New Physics because of the availability of large sta-
tistical samples of data.

CP-violation can be introduced in Quantum Field
Theory in a variety of ways [1]. One way, CP-violation
can be introduced explicitly through dimension-4 op-
erators (the so-called “hard” CP-breaking). This is
how CP-invariance is broken in the Standard Model
via quark Yukawa interactions,

Ly =&rP;Pr® + h.c. (1)

The complex Yukawa couplings &;; lead to complex-
valued Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix providing the natural source of CP-
violation for the case of the Standard Model with three
(or more) generations. Another way could be via op-
erators of dimensions less than four (the “soft” CP-
breaking), which is popular in supersymmetric mod-
els. Yet another way is to break CP-invariance spon-
taneously. This method, which is somewhat aestheti-
cally appealing, introduces CP-violating ground state
with CP-conserved Lagrangian. It is realized in a class
of left-right-symmetric models or multi-Higgs models.
All these mechanisms can be probed in charm tran-
sitions. In fact, observation of CP-violation in the
current round of charm experiments is arguably one
of the cleanest signals of physics beyond the Standard
Model (BSM).

It can be easily seen why manifestation of new
physics interactions in the charm system is associated
with the observation of (large) CP-violation. This
is due to the fact that all quarks that build up the
hadronic states in weak decays of charm mesons be-
long to the first two generations. Since 2 x 2 Cabibbo
quark mixing matrix is real, no CP-violation is pos-
sible in the dominant tree-level diagrams which de-
scribe the decay amplitudes. CP-violating amplitudes
can be introduced in the Standard Model by including
penguin or box operators induced by virtual b-quarks.
However, their contributions are strongly suppressed
by the small combination of CKM matrix elements
VepV,p,- It is thus widely believed that the observa-
tion of (large) CP violation in charm decays or mixing
would be an unambiguous sign for new physics. This
fact makes charm decays a valuable tool in searching
for new physics, since the statistics available in charm
physics experiment is usually quite large.

As with other flavor physics, CP-violating contri-
butions in charm can be generally classified by three
different categories:

(I) CP violation in the AC = 1 decay amplitudes.
This type of CP violation occurs when the ab-
solute value of the decay amplitude for D to de-
cay to a final state f (Ay) is different from the
one of corresponding CP-conjugated amplitude
(“direct CP-violation”). This can happen if the
decay amplitude can be broken into at least two
parts associated with different weak and strong
phases,

Ar = |A|e1er 4 |Ay|e2e'2, (2)

where @; represent weak phases (9; — —@; un-
der CP-transormation), and 9; represents strong
phases (§; — 8; under CP-transformation).

This ensures that CP-conjugated amplitude, A7
would differ from Ay. '

(IT) CP violation in D — D? mixing matrix. Intro-
duction of AC = 2 transitions, either via SM or
NP one-loop or tree-level NP amplitudes leads
to non-diagonal entries in the D° — D° mass ma-
trix,
1 0 —1
I A p?
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ThlS type of CP violation is manifest when
= [p/q]* = (2M12—iT12)/ (2M{,—iT},) # 1.

(IIT) CP violation in the interference of decays with
and without mixing. This type of CP violation
is possible for a subset of final states to which
both D and DO can decay.

For a given final state f, CP violating contributions
can be summarized in the parameter

= R,,e!®t9) &E (4)

where A and A, are the amplitudes for D® — f and
D9 — f transitions respectively and & is the strong
phase difference between A; and Kf. Here @ repre-
sents the convention-independent weak phase differ-
ence between the ratio of decay amplitudes and the
mixing matrix.

The non-diagonal entries in the mixing matrix of
Eq. @) lead to mass eigenstates of neutral D-mesons
that are different from the weak eigenstates,

_ qAf

Ay
CpA;

Dy) = p|D?) +q|D7), (5)

where the complex parameters p and ¢ are obtained
from diagonalizing the D — DO mass matrix with
Ip|?+|q|? = 1. If CP-violation in mixing is neglected, p
becomes equal to , so |D1,2) become CP eigenstates,
CP|D4) = £|D4),

= ]
7 D) + |DY) (6)

The mass and width splittings between these eigen-
states are given by

IDy) =

ma — My

'y -1
r ' '

X
2r

y (7)

It is known experimentally that D? — DO mixing pro-
ceeds extremely slowly, which in the Standard Model
is usually attributed to the absence of superheavy
quarks destroying GIM cancellations [2, 13, 14]. As
we shall see later, this fact additionally complicates
searches for CP-violation in charmed mesons.

2. CP-violation in mesons

CP violation can be searched for by a variety of
methods. In general, one can separate two ways.
One way employs “static” observables, such as elec-
tric dipole moment of a baryon. Another way, more
applicable to charm physics, employs “dynamical” ob-
servables, i.e. decay probabilities and asymmetries.
Here we shall concentrate on this methods of search-
ing for CP-violation.

a. CP-violation in transitions, forbidden by CP-
invariance. This method is based on the idea that
if both initial and final states are prepared as CP-
eigenstates, the transition from the initial to final
state would be forbidden if their CP-eigenvalues do
not match. If CP is broken then transition probabil-
ity would be proportional to CP-breaking parameter.

While neither of D-mesons constitute a CP-
eigenstates, a linear combination of neutral D-mesons
of Eq. (B) is. Thus such measurements can be per-
formed at threshold charm factories, such as CLEO-
¢ or BES-III, using quantum coherence of the initial
state.

An example of this type of signal is a decay
(D'DO) — f1fy at P(3770) with f; and fy being the
different final CP-eigenstates of the same CP-parity.
These types of signals are very easy to detect experi-
mentally. The corresponding CP-violating decay rate
for the final states f; and sy is

1 L] 2
Ppp = 9R2 2+X2_y2 |)\f1_)\f2|

== :
+ X4y =ApApl” Tplp. (8)
The result of Eq. (8) represents a slight generaliza-
tion of the formula given in Ref. [5]. It is clear that
both terms in the numerator of Eq. () receive contri-
butions from CP-violation of the type I and III, while
the second term is also sensitive to CP-violation of the
type II. Moreover, for a large set of the final states the
first term would be additionally suppressed by SU(3)
symmetry, as for instance, Arr = Axk in the SU(3)p
symmetry limit. This expression is of the second or-
der in CP-violating parameters (it is easy to see that
in the approximation where only violatign in the
mixing matrix is retained, I'y, r, o« H— R2, Hoc AZ).

The existing experimental constraints [6] demon-
strate that CP-violating parameters are quite small
in the charm sector, regardless of whether they are
produced by the Standard Model mechanisms or by
some new physics contributions. Since the above mea-
surements involve CP-violating decay rates, these ob-
servables are of second order in the small CP-violating
parameters, a challenging measurement.

b. CP-violation in decay asymmetries.

Most of the experimental techniques that are sen-
sitive to CP violation make use of decay asymme-
tries, which are similar to the ones employed in B-
physics [1],

One can also introduce a related asymmetry,

(D —>T) F(D —>f)
a—-= =
I ID—-Ff)+I(D—f)
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Table I Current experimental constraints on CP-violating
asymmetries in charged D-decays [6].

Decay mode CP asymmetry
DT — Kgn™ —0.016 +£0.017
DT — KsK™ +0.071 4+ 0.062
Dt - KTK n*t +0.007 4+ 0.008
Dt -t ot —0.017 +0.042
Dt — KsK*Trntn™ —0.042 £+ 0.068

For charged D-decays the only contribution to
the asymmetry of Eq. ([@) comes from the multi-
component structure of the AC = 1 decay amplitude
of Eq. [2)). In this case,

2Im (A1 A%)sind
IAL]? + |As|® + 2ReA A cos b
= 2rysin@sing, (11)

ar =

where 6 = 8; — 8y is the CP-conserving phase differ-
ence and @ is the CP-violating one. ry = |Ao/Aq] is
the ratio of amplitudes. Both r¢ and & are extremely
difficult to compute reliably in D-decays. However,
the task can be significantly simplified if one only con-
centrates on detection of New Physics in CP-violating
asymmetries in the current round of experiments [7],
i.e. at the O(1%) level. This is the level at which a
is currently probed experimentally, as summarized in
Table I As follows from Eq. (), in this case one
should expect ry ~ 0.01.

It is easy to see that the Standard Model asymme-
tries are safely below this estimate. First, Cabibbo-
favored (Ay ~ A°) and doubly Cabibbo-suppressed
(Af ~ A?) decay modes proceed via amplitudes that
share the same weak phase, so no CP-asymmetry
is generated!. Moreover, presence of NP ampli-
tudes does not significantly change this conclusion [9].
On the other hand, singly-Cabibbo-suppressed decays
(Af ~ A1) readily have two-component structure, re-
ceiving contributions from both tree and penguin am-
plitudes. In this case the same conclusion follows from
the consideration of the charm CKM unitarity,

Vuch’ji + VUSV(;; + Vuch’g =0. (12)

In the Wolfenstein parameterization of CKM, the first
two terms in this equation are of the order O(A)
(where A ~ 0.22), while the last one is O(A%). Thus,
CP-violating asymmetry is expected to be at most
as ~ 1072 in the Standard Model. Model-dependent
estimates of this asymmetry exist and are consitent
with this estimate [10].

I Technically, there is a small,O(\*) phase difference between
the dominant tree 7" amplitude and exchange E amplitudes [g].

Asymmetries of Eq. (@) can also be introduced for
the neutral D-mesons. In this case a much richer
structure becomes available due to interplay of CP-
violating contributions to decay and mixing ampli-
tudes |17, [11],

a; = aj +af +aj,

a} = 2rysin@sing, (13)
y’ 1 71|:|
a}” = —ng R, — R, coso,

i x' [J S,
RfE R, +R,, sing,

o
<
|

where a?, ay', and a;} represent CP-violating contri-
butions from decay, mixing and interference between
decay and mixing amplitudes respectively. For the fi-

nal states that are also CP-eigenstates, f = f and
y' =y.

As can be seen from Eq. ([3), the CP-violating
asymmetries in neutral D-decays depend on D? — DO
mixing parameters X’ and y’. Presently, experimen-
tal information about the D® — D% mixing parame-
ters X and y comes from the time-dependent analyses
that can roughly be divided into two categories. First,
more traditional studies look at the time dependence
of D — T decays, where T is the final state that can
be used to tag the flavor of the decayed meson. The
most popular is the non-leptonic doubly Cabibbo sup-
pressed decay DY — K*n~. Time-dependent studies
allow one to separate the DCSD from the mixing con-
tribution DY — D0 — K+m—,

LP° = K] =e MAk i |
R 4+ VRR,,(y' cos @ — X' sin @)T't (14)
1

% 2 2 2
+4(y +x°)(Tt)”

where R is the ratio of DCS and Cabibbo favored (CF)
decay rates. Since X and y are small, the best con-
straint comes from the linear terms in t that are also
linear in X and y. A direct extraction of X and y
from Eq. ([4) is not possible due to unknown rela-
tive strong phase 0p of DCS and CF amplitudes [12],
as X' = Xcosdp + ysindp, Y = ycosdp — Xsindp.
This phase can be measured independently [13]. The
corresponding formula can also be written [11] for D9
decay with X’ — —x" and R,, — R;;)..

Second, D° mixing can be measured by comparing
the lifetimes extracted from the analysis of D decays
into the CP-even and CP-odd final states. This study
is also sensitive to a linear function of y via

B [, [
M—l— cos® — Xsin R — 1
DS KIK-)  Yose ¢

(15)
Time-integrated studies of the semileptonic transi-
tions are sensitive to the quadratic form x? + y? and
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Table 11 Current experimental constraints on CP-
violating asymmetries in neutral D-decays [6].

Decay mode CP asymmetry
D’ - KYK~ +0.0136 £ 0.012
D° - KsKs —0.23+0.19
D° — ntn~ +0.0127 £+ 0.0125
D° — 7070 +0.001 + 0.048
D = xtr O +0.01 +0.09
D° — Kgn® +0.001 £+ 0.013
D° — K ntq® —0.031 £ 0.086
D° - K*TK nts~™| —0.082+0.073

at the moment are not competitive with the analyses
discussed above.

Three experimental collaborations (BaBar, Belle
and CDF) have recently announced evidence for ob-
servation of D — DO mixing [14] using the analyses
described above. The results reported by these col-
laborations were combined by the Heavy Flavor Av-
eraging Group (HFAG) to yield [6]

| |
84733 x 1073,

y = (6.94+2.1)x 1073, (16)

X =

Once again, it can be seen that the results depend
on hadronic parameters, such as the strong phase
O0p. While the observed values of X and y, which
are believed to be dominated by the Standard Model
contributions (for recent analyses of NP contribu-
tions see |15]) and happen to be quite large, the SM
CP-violating phases are still quite small. Thus, one
can talk about almost background-free search for CP-
violation induced by BSM interactions. Current ex-
perimental constraints on CP-violating asymmetries
in neutral D-decays are summarized in Table [Il As
one can see, most measurements are the percent sen-
sitivity. One should note that the rate asymmetries
of Eq. (@) for neutral D-mesons require tagging of the
initial state with the consequent reduction of the avail-
able dataset.

One question that can be asked is what models of
New Physics can be probed via CP-violating observ-
ables in D-decays in the near future. A decompo-
sition of Eq. (I3) allows to address this question by
studying parameters that enter Eq. (I3]). In particu-
lar, one needs to study the amplitude ratio ry to see
the feasibility of constraining a given NP model via
charge asymmetries in D-decays. A general conclu-
sion of the recent study [7] is that O(1%) asymme-
tries are possible for SUSY models where new contri-
butions come from QCD penguin operators and es-
pecially from chromomagnetic dipole operators, while
tree-level direct CP violation in various known mod-
els is constrained to be much smaller than 1072 (see

Table 111 Tree-level NP contributions to rf [7].

Model re
Extra quarks in vector-like rep <1073
R-parity violating SUSY <15x107*
Two-Higgs doublet <4x107*

Table ). Clearly, neutral D decays could exhibit
contributions from indirect or direct CP violation (or
both). One can experimentally distinguish between
these possibilities [7] by selecting particular combina-
tions of final states. For instance, combined analysis
of D — Km and D — KK can yield interesting con-
straints on CP-violating parameters, which are uni-
versal |11/,

(DY - KTK~) = T"(D? — KtK ™)
AYKK = —
(DY —» K+K~) + T"(DY — K+K~-)
= aRy +ak, (17)

where T"(D? — K+*K~) and IV(D9 — KTK™) are
the modified decay rate parameters |11]

I"(D? - KTK™) = T'p(1
cP . L)
+ N7 Rp(ycos@ — Xsing)
(DY - KTK™) = T'p(1 (E)
CPR—1 .
+ Ny R, (Ycos@ + Xsing) .

Here n?P = +(—) for CP even (odd) states. The cur-
rent ekperimental world average is AY = (—0.35 £
0.47) x 1072, which gives a direct probe of CP-
violating asymmetries related to mixing.

¢. CP-violation with untagged samples.

It is possible to use a method that both does not
require flavor or CP-tagging of the initial state and re-
sults in the observable that is first order in CP violat-
ing parameters [16]. Let’s concentrate on the decays
of D-mesons to final states that are common for DO
and DO. If the initial state is not tagged the quantities
that one can easily measure are the sums

Si = T5(t) + Ti(t) (19)

for i = f and F. A CP-odd observable which can be
formed out of ¥; is the asymmetry

_ X5 N

We shall consider both time-dependent and time-
integrated versions of the asymmetry (20). Note that
this asymmetry does not require quantum coherence
of the initial state and therefore is accessible in any D-
physics experiment. It is expected that the numerator



Proceedings of the CHARM 2007 Workshop, Ithaca, NY, August 5-8, 2007

and denominator of Eq. (20) would have the form,

—TD 2I:|
N(t) = E’_Eli—l A+BT +CT*

TN -EC o

where we neglected direct CP violation in D(t). In-
tegrating the numerator and denominator of Eq. (20)
over time yields

1
AYL(F) = 5 [A+ B +2C], (22)
where D =T ? dt D(t).

Both time-dependent and time-integrated asymme-
tries depend on the same parameters A,B, and C.
The result is

A=l B AR
B = —2yvR sm(psm6 Iﬁl E @ %

— cos@cosd Iﬁ'f@_ §7§ , (23)

2
C - X—A

We neglect small corrections of the order of

O(AnX, rfX,...) and higher. It follows that Eq. (23]

receives contributions from both direct and indirect
CP-violating amplitudes. Those contributions have
different time dependence and can be separated ei-
ther by time-dependent analysis of Eq. (20) or by the
“designer” choice of the final state. Note that this
asymmetry is manifestly first order in CP-violating
parameters.

In Eq. [23)), non-zero value of the coefficient A is an
indication of direct CP violation. This term is impor-
tant for singly Cabibbo suppressed (SCS) decays. The
coefficient B gives a combination of a contribution of
CP violation in the interference of the decays with and
without mixing (first term) and direct CP violation
(second term). Those contributions can be separated
by cons1der1ng DCS decays, such as D — K®m or
D — K®)p, where direct CP violation is not expected
to enter. The coefficient C represents a contribution
of CP-violation in the decay amplitudes after mixing.
It is negligibly small in the SM and all models of new
physics constrained by the experimental data. Note
that the effect of CP-violation in the mixing matrix
on A, B, and C is always subleading.

Eq. (23) is completely general and is true for both
DCS and SCS transitions. Neglecting direct CP vio-
lation we obtain a much simpler expression,

A =0,

C =0,
—2ysindsin@ VR Iﬁf@‘i‘ @7@?(24)

B

For an experimentally interesting DCS decay D° —
K*n~ this asymmetry is zero in the flavor SU(3)p
symmetry limit, where § = 0 [17]. Since SU(3)p is
badly broken in D-decays, large values of sind [12]
are possible. At any rate, regardless of the theo-
retical estimates, this strong phase could be mea-
sured at CLEO-c. It is also easy to obtain the time-
integrated asymmetry for K. Neglecting small sub-
leading terms of O(A*) in both numerator and denom-
inator we obtain
AY,(Km) = —ysindsin gVR. (25)
It is important to note that both time-dependent and
time-integrated asymmetries of Eqs. (24) and (25) are
independent of predictions of hadronic parameters, as
both 6 and R are experimentally determined quanti-
ties and could be used for model-independent extrac-
tion of CP-violating phase @. Assuming R ~ 0.4% qnd
d ~ 40° |12] and y ~ 1% one obtains gP(KT[)ﬂ
(0.04%)sin@. Thus, one possible challenge of the
analysis of the asymmetry Eq. (28], is that it involves
a difference of two large rates, Yp+,- and Y-+,
which should be measured with the sufficient preci-
sion to be sensitive to Agp, a problem tackled in
determinations of tagged asymmetries in D — KT
transitions.
Alternatively, one can study SCS modes, where R ~
1, so the resulting asymmetry could be O(1%) sin @.
However, the final states must be chosen such that
AU, is not trivially zero. For example, decays of D
into the final states that are CP-eigenstates would
result in zero asymmetry (as I'y = I'; for those fi-

nal states) while decays to final states like KTK*~
or ptm~ would not. It is also likely that this asym-
metry is larger than the estimate given above due to
contributions from direct CP-violation (see eq. 23]).
The final state ¥ can also be a multiparticle state.
In that case, more untagged CP-violating observables
could be constructed, for instance involving asymme-
tries of the Dalitz plots, such as the ones proposed for
B-decays [18].

As any rate asymmetry, Eq. 20) requires either a
“symmetric” production of D° and DO, a condition
which is automatically satisfied by all pp and eTe~
colliders, or a correction for DY/DO production asym-
metry.

3. CP-violation in baryons

Charmed baryons provide another system for
searches for CP-violation in charm. The fact that
baryons are spin-1/2 particles allows us to form CP-
violating asymmetries that are different from the ones
in the meson systems.

Taking A. as an example, a charmed baryon decay
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amplitude can be parameterized as

A(Ae — BT) =Tp(p.S) [As + ApYs| Ua.(Pa, Sa),
(26)
where B is a charmless baryon, and Ag and Ap pa-
rameterize S— and p—wave decay amplitudes respec-
tively. They can be combined in an “asymmetry pa-
rameter” Oy, as
2Re (ALAPp)

ay, = e AsAP) 27)
|As|* + |Ap|?

This parameter can be directly measured experimen-
tally using angular distribution of decay products in
A, decay,

daw 1

WZE(l‘FPa/\CCOSG). (28)
Here P is polarization of the initial-state baryon. If
this analysis can be done for A, decay as well, then a
CP-violating asymmetry can be formed,

oj, +0ox
ap, — GKC
which follows from the fact that a,, — —oz under
CP-transformation (if CP is conserved).
There were some experimental studies of this ob-

servable. In particular, FOCUS collaboration re-
ported [19]

Apr = —0.07 +0.19 + 0.24. (30)

New studies of CP-asymmetries in charmed baryon
decays are urged, which could be performed at LHCb
or even in one of the new experiments associated with
Project-X at FNAL [20].

4. Conclusions

In summary, charm physics, and in particular stud-
ies of CP-violation, could provide new and unique
opportunities for indirect searches for New Physics.
Large statistical samples of charm data allow unique
sensitive measurements of charm mixing and CP-
violating parameters. While unambiguous theoreti-
cal predictions of CP-violating asymmetries in charm
transitions are hard, observation of CP-violation at
the level of O(1%) would indicate new physics contri-
bution to charm decays.
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