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CP violation in the charm system Angelo Di Canto

1. Introduction

Processes involving K and B mesons have always been regarded as the most interesting probe
of flavor and CP violation. Indeed, within the Standard Model (SM), the largest flavor and CP
violating effects reside in systems involving down-type quarks, since the top mass is the main
source of flavor violation and charged-current loops are needed to communicate symmetry break-
ing, in agreement with the GIM mechanism. Similarly, sizable CP violations in the SM are always
accompanied by flavor transitions.

While these properties hold in the SM, there is no good reason for them to be true if new
physics is present at the electroweak scale. In particular, it is quite plausible that new-physics
contributions affect mostly the up-type sector, possibly in association with the mechanism respon-
sible for the large top mass. Supersymmetric models with squark alignment [1, 2] provide one
example of theories with large flavor and CP violation in the up sector but, as emphasized also in
Ref. [3, 4, 5, 6], this situation is fairly general in classes of models in which the flavor hierarchies
are explained without invoking the hypothesis of minimal flavor violation [7]. Hence D-meson
decays represent a unique probe of new-physics flavor effects, quite complementary to tests in K
and B systems.

LHCDb has a broad programme of charm physics, which, besides studies of mixing and CP
violation, includes searches for rare decays, spectroscopy and measurements of production cross-
sections. It also has the potential to substantially improve the precision on all the key observables
in the charm sector in the next years, thanks to the world’s largest, high purity samples of both
hadronic and muonic decays already collected during Run I, that will further grow in the coming
years of Run II operations. This is possible thanks to the large open charm production cross-
section available at the LHC (roughly one tenth of pp collisions produce charm hadrons) and to the
excellent particle identification capabilities and the flexible trigger design of the LHCb detector [8].

In the following we present the current status of CP violation in the charm system from both
the experimental and theory point of view.

2. Direct CP violation in singly-Cabibbo-suppressed decays

Examples of clean, and experimentally favorable channels where to study both direct and
indirect CP violation in the charm system are the neutral singly-Cabibbo-suppressed decays into
CP-eigenstates, such as D° — 77~ and D° — K*K~. Owing to the slow mixing rate of charm
mesons, for each decay mode, the CP-violating time-integrated asymmetry between decays of states
produced as D° and D, can be approximated to first order as the sum of two terms [9]:

N(D® = hth™)—=N(D° = h*th™) )
_ = alN(hTh™) + L gl 2.1
N(D® — hth=) +N(D° — hth-) acp(h™h™) + = dcp, @D

Acp(hTh™) =

where £ identifies a charged kaon or pion. The first term arises from direct CP violation and depends
on the decay mode, the second from indirect CP violation, see Eq. (3.2), and is nearly independent
of the decay mode [10]. The average decay time of the sample used in the measurement (¢) depends
on the detector acceptance as a function of decay time and 7 is the D° lifetime. To measure each
individual asymmetry, the experiments usually determine the number of detected decays of D” and
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DY produced in the strong-interaction decay of the D** meson, D** — D" and D*~ — Dz,
which allows identification of the initial charm flavor through the sign of the charge of the accom-
panying low-momentum pion. The observed asymmetry is the combination of the contributions
from CP violation and from the detection asymmetry between D** and D*~ mesons, due to possi-
bly asymmetric production and different reconstruction efficiency for positive and negative tagging
pions. A powerful way to reduce systematic uncertainties induced by these spurious effects is to
measure the difference in time-integrated asymmetries in Kt K~ and 7+ 7~ final states:

. Alt) .

AAcp EACP(K+K7) —ACP(TC+7L'7) ~ Aadc}ﬁ + i_> alclvlg, 2.2)
where Aalll = od(KTK~) —adit(n* ™) and the ratio A{¢)/7 is equal to zero for the lifetime-
unbiased B-factory measurements [11, 12], is 0.098 +0.003 for LHCb [13] and 0.25 £ 0.04 for
CDF [9]; therefore AAcp is largely a measure of direct CP violation.

2.1 Experimental status

The LHCb collaboration, in late 2011, reported a 3.50 evidence for direct CP violation in two-
body, singly-Cabibbo-suppressed D decays [13] by measuring AAcp = (—0.82 +0.21 (stat) &
0.11 (syst))% in a sample of 0.6fb~! of integrated luminosity. Soon after, the CDF and Belle
collaborations presented measurements of AAcp = (—0.62 4+ 0.21 (stat) £0.10 (syst))% [14] and
AAcp = (—0.87 £0.41 (stat) +0.06 (syst))% [15], respectively. These results, when combined
with other measurements of CP violation in singly-Cabibbo-suppressed D decays, yield as world
average Aagi,ﬁ = (—0.68 £0.15)%, which is consistent with no CP violation at 0.002% CL [16].

Recently the LHCb collaboration reported an updated preliminary measurement of AAcp,
based on the 1.0fb~! sample collected during 2011, which does not confirm the former evidence
for CPV in charm [17]:

AAcp = (—0.34 +0.15 (stat) = 0.10 (syst))%.

This updated analysis, besides the increase in statistics, uses improved detector calibration and
vertex reconstruction. The results obtained on the first 0.6 fb~! are consistent within uncertainties
between the two analyses. Further, the updated measurement is consistent between the first 0.6 fb~!
and the last 0.4 fb~".

In addition, a separated measurement of AAcp has been recently performed by LHCb using
DY mesons produced in inclusive semi-muonic b-hadron decays, B — D°u~X and B — D°u*X,
where the charge of the accompanying muon is used to identify the flavour of the neutral D mesons
at production. This analysis [18], which uses the same 1.0fb~! sample, provides statistically in-
dependent information on AAcp, being correlation between the two data samples completely neg-
ligible, and due to the different production environment and tagging technique is also subject to
completely different sources of systematic uncertainties. The measured value of AA¢p is found to
be AAcp = (0.49 +0.30 (stat) £0.14 (syst))%. This result is compatible at the 3% CL with the
value measured with D*-tagged decays and, if combined with it, yields AAcp = (—0.15+0.16)%.

The experimental status is summarized in Fig. 1. The new measurements from LHCb do not
confirm the evidence of CP violation in the charm sector that had previously been reported. How-
ever, more precise measurements are needed to clarify the experimental picture. The near-future
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Figure 1: Left plot shows the comparison between available measurements of AAcp, with a naive average
represented by the yellow band. On the right the combination of all available measurements of CP vio-
lation in singly—Cabibbo—suppressed, two—body D decays as performed by the Heavy Flavor Averaging

Group [16] yields Aadit = (0.33£0.12)%, al% = (—0.01 £0.16)%.

term plan is to update the current LHCb results with the 2.0fb~! data sample collected during
2012. With this additional statistics and new dedicated analysis, it will also be possible to mea-
sure the individual asymmetries, Acp(K™K ™) and Acp(n 1), with better precision than currently
available best measurements [9]. Other searches for direct CP violation in charged charm decays,
as D, — K¢h™ and D

(s) (5)
will soon be updated to the full statistics. No signs of CP violation have been there found.

— @h™, have already been performed with AAcp-style analysis [19] and

2.2 Theory status

The amount of CP violation in charm decays was generally expected to be much smaller than
the 1% level in the Standard Model [10, 20]. This naive expectation was based on the estimates of
the “short-distance” penguins with b-quarks in the loops, which are suppressed by the combination
of CKM elements V.,V ~ &/(A°), where A ~ 0.2 is the Cabibbo angle. The surprisely large, early
LHCb result sparked then an intense theoretical debate on whether or not it could be accommodated
within the SM. For a comprehensive review see Ref. [21]. We discuss here the impact of physics
beyond the Standard Model on Aadlf,
such as nuclear electric dipole moments (EDMs) and flavor-changing neutral current (FCNC) top

showing its connection with other, non-flavor observables

decays.

On general grounds, models in which the primary source of flavor violation is linked to the
breaking of chiral symmetry (left-right flavor mixing) are natural candidates that could introduce
sizable direct CP-violating effects in charm decays, via enhanced chromomagnetic operators. In
the following, we will discuss specific scenarios as supersymmetric models, as well as (non-
supersymmetric) models with Z-mediated and scalar-mediated FCNC.
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2.2.1 Supersymmetry

As a first example of explicit new-physics models that can induce an enhanced chromomag-
netic operator, we consider the supersymmetric extension of the SM with non-standard sources of
flavor symmetry breaking.

The leading contributions stem from loops involving up-squarks and gluinos [4, 10]. In the
mass-insertion approximation and assuming, for illustrative purposes, degenerate supersymmetric
masses (71, = i, = 1) one can find

Im(8%),x| \ [ TeV
AadISY | = 0.6% [ (31) : 2.3
|Adc \ 103 i 23)
In a general supersymmetric framework, we expect the parametric relation
Im(A) 615 m, Im(A) 01> TeV 3
Im (6} ~ ~ — | [ —]0.5x%10 24
m( 12)LR n 3 03 i X ’ ( )

where A is the trilinear coupling and 8, is a mixing angle between the first two generations of
squarks. From Eq. (2.3) we see that a large (and complex) trilinear coupling A, a Cabibbo-size
mixing angle, and squarks with TeV masses give a value of Im(5{,), . in the correct ballpark to
reproduce the required effect.

While we can envisage scenarios in which flavor violation is restricted to the trilinear terms,
it would be fairly unnatural to have this pattern only in the up sector, but not in the down sector.
Therefore, if we generalize the structure of Eq. (2.4) to all squarks, we end up with the so-called
“disoriented” A-terms scenario [4]

q
(60~ 20 @5)
where Ol.qj are generic mixing angles. This pattern amply satisfies all bounds from flavor physics
(thanks to the smallness of down-type quark masses) and predicts (3}5), 5 ~ 1073, This pattern can
be obtained when the matrices of the up and down trilinear coupling constants follow the same hier-
archical pattern as the corresponding Yukawa matrices but they do not respect exact proportionality,
as it happens in SUSY models with partial compositeness [5].

The most severe suppression in the structure of (52”1);? shown in Eq. (2.4) is the smallness of
the charm mass, or the chirality flip in the second generation. This suppression can be partially
avoided by generating the effective 1-2 mixing through the coupling the first two generations to the
third one, while taking advantage of the large left-right mixing in the stop sector. This possibility
is naturally realized in the supersymmetric framework with split families, where the first two gen-
erations of squarks are substantially heavier than 7} , and by, the only squarks required to be close
to the electroweak scale by naturalness arguments.

Within this framework we can decompose the effective couplings relevant to AaggSY as follows
u \eff u u
(612)ze = (013)r (053) R (852) 1. » (2.6)
ff
(61M2)BLR = (5{43)LL (53u3)RL (63142)RR : (2.7)

This decomposition allows us to draw the following general considerations.
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LR mixing: Since (633), in the stop sector can be approximately equal to one, it does not represent
a significant suppression factor. Note that a Higgs mass around 125 GeV, naturally favors a
large A term if we want to keep the stop below 1 TeV. Thus the recent Higgs data support the
assumption that (855), is of order unity.

RR mixing: The mixing (83;)zp. for i = 1,2 in the up-type right-handed sector is relatively uncon-
strained. The only significant bound comes from D-D mixing, which implies | (85;)p X

(8%) gr| < 1072 for squark masses of 1 TeV.

LL mixing: The off-diagonal elements of the CKM matrix provide natural reference values for the
mixing in the left-handed sector, namely | (6%;),, | = O(|Vii).

In particular, we can consider the following two options to explain the LHCb results:

(8%).. = O(A%), (85)ge =O0(A%),
(815).L = O0(A%), (8%)pg=O(A) . (2.8)

Both solutions can be simultaneously operative as they lead to (6{‘2);’5 = O0(A*) = 0(1073) and
(SFZ)CL% = O(A*) = 0(1073), respectively.

The presence of new CP violating phases are expected to generate hadronic electric dipole
moments. Gluino-squark loops, analogous to the one inducing the AC = 1 chromomagnetic oper-
ator, yield an EDM (d,,) and a chromo-EDM (d) for the up quark. Among the hadronic EDMs,
the best constraints come from mercury and neutron EDMs (dyg and d, respectively). The current
experimental bounds read |d,| < 2.9 x 1072 ecm (90% CL) [22] and |dhg| < 3.1 % 1072 ecm
(95% CL) [23].

Assuming degenerate supersymmetric masses one can find for instance that

|d,| =3 %1072 <’Im(5“)“*‘> <Tev> ecm (2.9)

10-6 m

and therefore it has to be seen whether concrete SUSY scenario can naturally account for the
required suppression [Im(8,).z| < 107°. Similar conclusions arise in the split-family case.

2.2.2 New-physics scenarios with Z-mediated FCNC

Effective FCNC couplings of the Z boson to SM quarks, or between quarks and heavier
fermions, can appear in several new-physics frameworks. Prominent examples are the SM with
non-sequential generations of quarks, models with an extra U(1) symmetry or models with extra
vector-like doublets and singlets.

Irrespective of the underlying dynamics, we introduce the following effective Lagrangian to
describe the FCNC couplings of the Z-boson to fermions

8
PL =
eff 2cos Oy

Fy* [(87)ijPL+ (82)ij Pr] 4 Zu +h.c., (2.10)

where g is the SU(2), gauge coupling, and F can be either a SM quark (F = ¢) or some heavier
non-standard fermion.
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Figure 2: Aa?9SY vs. my, for |Im[(8%)rr(8%)re]] = 1072,/ <2 TeV, and A = 0.5,1,1.5,2 from Ref. [4].

The chromomagnetic operator is generated at the one-loop level, with leading contribution
from Z-top exchange diagrams leading to [4]

Im [(g7 )i (8%)cr]
2x 10~

|AaZ, "N %~ 0.6% (2.11)

Strong constraints on the (g7 z);; effective couplings for up-type quarks arise from D° — D° mixing:
from tree-level Z exchange diagrams one gets |(g7 g)uc| < 2 x 107+ and |(gf)uc(8%)uc| < 0.5 X
10~8. However, much weaker constraints are derived on the effective couplings involving the top,
appearing in Eq. (2.11), since they contribute to D° — D° mixing only at the one-loop level.

The presence of new CP violating phases in the couplings (g%_R),- ; are expected to generate
also hadronic EDMs, with a strong correlation to Aacp. In particular; one can find [4]

Im [(g%);it(gg)ut]

2.12
2x 1077 (2.12)

\d,| =3 %1072

Comparing the above result with Eq. (2.11) we find that a contribution to Aacp at the per-cent level
is allowed only if there exists a strong hierarchy among the (gf r)iq couplings.

In the NP scenarios with Z-mediated FCNCs, the most intéresting FCNC processes in the top
sector are t — c¢Z and t — uZ, which arise at the tree level. In particular, it turns out that [4]

2

Z
($k)rc , (2.13)

10!

Br(r — ¢Z) ~ 0.7 x 1072

which is within the reach of the LHC for the values of (g%),. relevant to Aaé.TFCNC.

2.2.3 New-physics scenarios with scalar-mediated FCNC

We finally analyze a new-physics framework with effective FCNC couplings to SM quarks
of a scalar particle, which can be either the SM Higgs or some new scalar state. In analogy to
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Eq. (2.10) we introduce the following effective Lagrangian
Ly =~ |(81)ijPL+ (8k)ijPr| q; h+hec., (2.14)

where £ is the scalar state. The scalar field /4 could be identified with the physical Higgs boson,
for instance in models with non-renormalizable interactions between quarks and multiple powers
of the Higgs field.

Also in this case the chromomagnetic operator is generated at the one-loop level, with a leading
contribution from s—top exchange diagrams. This leads to [4]

Im [(g7)s (gR)rc]
h—FCNC| __ L)ut\8R)1c
|Aag," N &~ 0.6% 7103 (2.15)
where we have assumed my;, = 125 GeV. For the hadronic EDMs it turns out that [4]
Im [(g7)5 (gk)r]
dy| ~3x 10720 Lou Ok 2.16
dn] . 2x 1077 (2.16)

With scalar-mediated FCNCs, the potentially most interesting signal are the rare top decays ¢t — ch
or t — uh. In particular, one can find that [4]

2

hyt
(gR)q : 2.17)

Br(t — gh) ~ 0.4 x 102

which could be within the reach of the LHC.

The discussion about the bounds from DY — D° and Bs,d_Bs,d mixing proceeds in a similar way
to the Z FCNC case.

In order to establish whether the observed Aacp can be accommodated in the SM or not,
it would be important to monitor other observables which are sensitive to the same (potential)
NP effect. In NP scenarios where Aacp mostly arises from the chromomagnetic operator, the
direct CP asymmetries in radiative decays D — P* P~y (P = 7, K) are the best candidates to make
such a test, as recently pointed out in Ref. [24]. Indeed, even if D — PT P~y is generated by the
electromagnetic operator, many NP scenarios predict comparable effects for the chromomagnetic
and electromagnetic operators. In any case, a non-vanishing chromomagnetic operator at the high
scale unavoidably contributes to the electromagnetic operator through QCD running effects.

3. CP violation in D° — D° mixing

The mass eigenstates of neutral D mesons, |D; »), with masses m » and widths I'j » can be
written as linear combinations of the flavour eigenstates |D;,) = p|D°) +¢|D%), with complex
coefficients p and ¢ which satisfy |p|*> +|g|> = 1. The average mass and width are defined as
m= (m;+my)/2and I = (I'; +I2)/2. The D mixing parameters are defined using the mass and
width difference as x = (mp, —m,)/T and y = (I’ —I'1)/2I". The phase convention of p and g is
chosen such that CP|D°) = —| D). CP is conserved if |¢/p| = 1 and ¢ = arg(q/p) = 0.

First evidence for mixing of neutral D mesons was discovered in 2007 by B-factories [25, 26]
and is now well established [16]: the no-mixing hypothesis is excluded at more than 10 o for the
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Figure 3: Left: BR(r — cZ) vs. AaZ,"“NC. Right: BR(t — ch) vs. Aat,FNC from Ref. [4]. The plots have
been obtained by means of the scan: |(g¥)u/| > 1073, |(gX)e| > 1072, where X = Z, h, with arg[(g5 )] =
+7/4 and arg[(gX )] = 0. The points in the red regions solve the tension in the CKM fits through a non-
standard phase in B;—B,; mixing.

world average (x = (0.491017)%, y = (0.744:0.09)%) and no evidence of indirect CP violation has
yet been found (|g/p| € [0.44,1.07], ¢ € [—44.6°,—7.5°] at 95% CL). Recently, LHCb presented
the first observation of charm mixing from a single measurement [27]. The analysis uses the
1.0fb~! sample collected during 2011 and shows the potentiality for more precise results to be
available already before the beginning of Run II.

The observed mixing rate is consistent with, but at the upper end of, SM expectations [28] and
constrains many NP models [29]. It is interesting to notice that model independent correlations
between different CP-violating observables also help in further constrain the underlying dynamic.

As an example, it can be shown that there exists a model independent relation between x, y,
lg/p| and ¢ which implies the following correlation [30, 31, 32] (see Fig. 4)

2y
A=)

between two widely used experimental observables: the asymmetry between the effective lifetimes

asL 3.1

of D° decays to CP eigenstates,
2D = hthT)—2(D° — hThT)

Ar = — _
P R(D0 = hth )+ 2(D0 — hth)
i y q p X (14 p .
——ag‘gzz(‘p — q‘)cosq)—qu‘—i- qD sin @, (3.2)

and the semileptonic asymmetry in the decay to “wrong sign” leptons,
T(D° — k0~ v)—T(D° = h t*v)  |q|*—|p|*
D(D0 = ht0=v)+ (DY — h=Ltv) — [g*+|p|*

which is a direct measure of CP violation in mixing.

asp, = 3.3)
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Figure 4: Model independent correlations between Ar and ¢ (left) or agy, (right) from Ref. [33]. Light
gray satisfies x € [0.46,1.46]% and y € [0.51,1.15]%; darker gray further satisfies |¢/p| € [0.57,1.21]; red
is compatible with all above constraints plus ¢ € [—22.5°,6.3°]; the dashed lines stand for the resulting
allowed range for Ar.

4. Conclusions

It is quite plausible that new physics contributions affect mostly the up sector [3, 4, 5, 6], hence
CP/flavor violation in D mesons decays provides a unique probe of beyond SM flavor effects, which
is quite complementary to tests in K and B systems and has not yet been completely exploited by
the experimentalists. The early evidence for large direct CP violation in charm by LHCb, even if
recently not confirmed, has stimulated new ideas in the theory community and the construction of
models departing in a controlled way from the MFV paradigm [4, 5, 6]. These models have a much
broader impact on low and high-p7 phenomenology, which is hopefully testable at the LHC. The
full LHCb Run I dataset has still to be analyzed, then additional investigations of the charm sector
with more precise results will help constraining new physics model already before the beginning
of Run II. The synergy of low-energy flavor data with the high-pr part of the LHC program will
teach us a lot about new dynamics at the TeV scale (if any) with the upcoming 14 TeV LHC run.
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