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We summarize recent results for charm physics. These results span
several categories: charm mixing, indirect (time-dependent) CP violation,
direct (time-integrated) CP violation, T' violation, semileptonic and lep-
tonic decays, and decays of charm baryons.
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1. Introduction

Many new measurements of D-meson decays and charm baryon decays
have been performed by the Belle, BaBar, LHCb, and BESIII experiments.
FEach experiment has unique advantages: Belle and BaBar produce boosted
charmed hadrons in a low-background eTe™ environment; LHCb produces
very large event samples due the large c¢ production cross section in hadron
collisions; and BESIII produces DD meson pairs in a quantum-correlated
state at threshold with very little background. Here, we review recent results
from all four experiments. The measurements can be grouped into six areas:
measurements of charm mixing, indirect (time-dependent) CP violation, di-
rect (time-integrated) CP violation, T violation, semileptonic and leptonic
decays, and charm baryon decays. Our review highlights results that are
sensitive to new physics and thus can constrain extensions to the Standard

Model (SM).

2. Mixing and indirect CP violation

Measurements of mixing and CP violation require accurate flavor tagging
and precise measurement of decay times. The former is usually achieved by
reconstructing neutral D mesons originating from D*t — D%+ and D*~ —

* Presented at the Cracow Epiphany Conference on Advances in Heavy Flavour Physics,
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DO~ decays'; the charge of the accompanying 7 tags the flavor of the D.
The latter is achieved by measuring the displacement  between the D** and
DY decay vertices and dividing by the DY momentum: ¢ = (Z-ﬁD)(MDo /pD),
where Mpo is the DY mass [1]. The D*T vertex position is taken to be the
intersection of pp with the beam spot profile for eTe™ experiments, and at
the primary interaction vertex for pp and pp experiments.

CP violation (CPV) arises from interference between two or more decay
amplitudes. When one of these amplitudes arises from mixing, then the
resulting CPV is called indirect. Otherwise, when no mixing is involved, the
CPV is called direct. Current measurements of charm mixing and indirect
CPV determine mixing parameters z, y, or ' = x cosd+ysind, vy = ycosd—
xsind, where ¢ is a strong phase; CPV parameters |¢/p| and Arg(q/p) = ¢;
and “mixed” observables ycp ~ ycos¢ — (|q/p| — |p/q|)xzsin¢ /2 and Ap ~
(lg/p| — |p/q|)ycos¢ /2 — xsing. A value |q/p| # 1 gives rise to CPV in
mixing, and a value ¢ # 0 gives rise to CPV resulting from interference
between a mixed amplitude and a direct decay amplitude. For further details
of these quantities, see the review by the Heavy Flavor Averaging Group
(HFLAV) [2]. Here, we present recent measurements of Ap, 22, ¢/, and |q/p|
by LHCD [3-5], and results of a global fit for mixing and CPV parameters
by HFLAV.

2.1. LHCb measurements
LHCb recently measured A using their full Run 1 dataset of 3.0 fb~! [3].
This parameter is defined as Ar = (Tpo_p — Tpo_s)/(Tpo_y s + Tpo_f),
where 7 is the effective exponential lifetime of D° — f or D — f decays.
This parameter can also be measured via the time-dependent CP asymmetry

r(D(t)—f) —I'(D°()—f) _Ar(t>, (1)

T(DO(t)— f) + T (DO(t)— f)  “direct ™

Acp (t)

where af;ir ot Tepresents the amount of direct CPV in the decay, and 7p is the
DY lifetime. This is the method used by LHCb. Here, one fits for D° and
D? yields in bins of decay time and calculates the difference in yields divided
by the sum; the resulting background-free distribution is fit to Eq. (1). The
method is much less sensitive to the decay time resolution function, which
can be difficult to determine to high precision. The LHCDb distribution is
shown in Fig. 1. The fit results are Ap (KT K~) = (—0.030+0.0324+0.010)%
and Ap(7t7) = (0.0464+0.058+0.012)%, where the first error is statistical
and the second is systematic. Combining these gives Ap = (—0.0134+0.028+
0.010)%, which is the most precise result for Ap to date.

! Throughout this paper, charge-conjugate modes are implicitly included unless stated
otherwise.
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Fig.1. Acp(t) for D°— K+ K~ (top) and D° —r 7~ (bottom), from LHCb [3].

LHCD also recently measured mixing parameters z'2, 4/, and the CPV
parameter |¢/p| using “wrong-sign” D° — K+7~ decays and 3 fb~! of data
[4, 5. Two separate analyses were performed, both using D** — DOr™
decays to tag the flavor of the D°. However, the second analysis required
the D* to originate from a B — D**u~v decay, and thus the D flavor was
also tagged by the u™. The signal yield of the first analysis is 720 000 events,
while the yield for the “double-tagged” analysis is only 6680 events. However,
upon combining the measurements, the latter adds ~ 10% in sensitivity due
to very low background and increased acceptance at low D° decay times.

The ratio of wrong-sign D° — K7~ decays to Cabibbo-favored “right-
sign” decays D° — K—7t, and the ratio for D% - K—n% to D° = K+~
are, respectively [6],

2 (1:/2 +y/2)

RT(t) = Rp + % VRp (Y cos¢ — 2’ sing) (I't) + % 1 (Z_ﬂt)2
(2)

B ) ol ) |2 @2 +y?) -
R (t) = Rp+ p V Rp (Y cos¢ + 2’ sing) (I't) + i (re)”,

(3)

where Rp is the ratio of amplitudes squared |A(D° — K*7™)[2/|A(D" —
K—a1)|% and Rp = |A(D®— K—71)?/|A(D® — K*77)|2. This measure-
ment, like that for Ap, is also performed in bins of decay time. For each bin,
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signal yields are obtained by fitting to variables Mp and AM = Mp«— Mp,
and the ratios RT and R~ calculated. The resulting (background-free) decay
time distributions are shown in Fig. 2. Simultaneously fitting these distri-
butions to Eqgs. (2) and (3) gives 22 = (0.039 £ 0.023 + 0.014) x 1073 and
y' = (0.5284+0.045+0.027)%. From the single-tagged analysis alone, a loose
constraint |q/p| € [0.82,1.45] at 95% C.L. is obtained.
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Fig.2. Ratios R*(t) and R™(¢) for singly tagged (left) and doubly tagged (right)
D°— K+~ decays, from LHCbD [4, 5].

2.2. HFLAV global fit

HFLAV calculates world average values of Ay and also ycp, and in-
puts all D°-D? mixing measurements into a global fit to determine world
average values for 10 parameters: z, y, |q¢/p|, ¢, Rp, direct CPV param-
eters Ap, Ax, and A, and strong phase differences § and dxrr. The fit
uses 49 observables from measurements of DY — K¢y, D% - KTK—,
D s atn= D' Ktn—, D' Ktr 70 DV— Kg atr™, DO 70 ntn—,
DY+ KQKTK~, and D°— K*tr~n"n~ decays, and double-tagged branch-
ing fractions measured at the 1/(3770) resonance. Details are given in Ref. [2].
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The results of the fit are listed in Table I. Several fits are performed: (a)
assuming CP conservation by fixing Ap =0, Ax =0, A, =0, ¢ =0, and
lg/p| = 1; (b) assuming no direct CPV in doubly Cabibbo-suppressed (DCS)
decays (Ap = 0); (c) assuming no direct CPV in DCS decays and fitting for
parameters x19 = 2|Mio|/I", y12 = I2/I", and ¢12 = Arg(Mi2/I2), where
M5 and I'o are the off-diagonal elements of the DY~D? mass and decay
matrices, respectively; and (d) allowing full CPV (all parameters floated).

For fit (b), in addition to Ap = 0, HFLAV imposes the constraint |7, §]
tand = (1 — |q/p|*)/(1 + |g/p|?) x (z/y), which reduces four independent
parameters to three?. This constraint is imposed in two ways: first, floating
x, y, and ¢ and from these deriving |q¢/p|; alternatively, floating x, y, and
|¢/p| and from these deriving ¢. The central values obtained from the two fits
are identical, but the first fit yields (MINOS) errors for ¢, while the second
fit yields errors for |¢/p|. For fit (c), HFLAV floats parameters x12, y12, and
¢12 and from these calculates [8] z, y, |¢/p|, and ¢; these are then compared
to measured values. The 1o0—50 contours in the two-dimensional parameter
spaces (|q/p|, ¢) and (x12, ¢12) are shown in Fig. 3. The HFLAV fit excludes
the no-mixing point x =y = 0 at > 11.50, but the fit is consistent with CP
conservation (|g/p| =1, ¢ = 0).

TABLE 1
Results of the HFLAV global fit to 49 observables, from Ref. [2].

Parameter | No CPV  No direct CPV All CPV CPV allowed
in DCS decays allowed [95% C.L.]
z [%] 0.46701% 0.41701% 0.32 4 0.14 [0.04,0.62]
y (%] 0.62+0.08  0.61+0.07 0.6970-5¢ [0.50,0.80]
S [°] 8.0797, 487192 152778, [~16.8,30.1]
Rp (%) 0.3487000%  0.34770:053 0.34975:00%  [0.342,0.356]
Ap (%] — — —0.8840.99  [-2.8,1.0]
la/p| — 0.999 + 0.014 0.8975:08 [0.77,1.12]
6 [°] — 0.0579-53 —12.9%92  [-30.2,10.6]
Skcnn [°] 20.47233 22.67271 317235 [16.4,77.7]
Ay (%] — 0.0240.13 0.0140.14  [-0.25,0.28]
Age [%)] — —0.1140.13  —0.11+0.13 [~0.37,0.14]
z12 [%] — 0.41%513 — [0.10,0.67]
1o [%] — 0.61 +0.07 — 0.47,0.75]
b12 [°] — —0.17+1.8 — [—5.3,4.4]

2 One can also use Eq. (15) of Ref. [9] to reduce four parameters to three.
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Fig.3. (Colour on-line) Confidence contours resulting from the HFLAV global fit
to 49 observables, from Ref. [2]. In the left plot, the blue contour shows consistency
with CP conservation.

3. Direct CP violation

In addition to searches for indirect CPV in D decays, there have been
many searches for direct CPV. Such searches consist of time-integrated
measurements, i.e., they do not require measuring decay times. However,
flavor-tagging is important and, for high precision measurements, usually
needs to be corrected for small systematic effects such as a possible charge
asymmetry in the reconstruction of the low momentum 7+ originating from
D** — D7 decays. The results to date are listed in Table II for D? decays,
Table III for DT decays, and Table IV for D} decays. There are recent re-
sults from Belle (D° — KJK{ [10], D°— p%/¢/K*%y [11], DT — 7T =0 [12])
and LHCb (D° — 77~ [13], D — KTK~ [13], DY — ata—ntn— [14],
D(t) — n'w [15]). In all cases, the results are consistent with no CPV.

Several measurements have a precision of 0.2% or smaller.

4. T violation

Belle recently measured the T-violating parameter ar for Cabbibo-
favored D — KJn w70 decays using their full dataset of 966 fb~1 [40].
The method used is similar to that used for earlier measurements of D° —
KTK 77~ decays (BaBar [41], LHCb [42]) and D?;) — KTK{7Tn™ de-
cays (BaBar [43]). This method is as follows. From the momenta of the
daughter particles, one calculates the T-odd quantities

C1T = ﬁKs ’ (ﬁw* X ﬁﬂ*) (4)
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TABLE II

Time-integrated CP asymmetries for hadronic D° decays. The world averages are
from HFLAV [27].

Decay Channel World avg. or Most precise
most precise |%] measurement
Cabibbo- DY — K7t 0.3+0.7 CLEO 2014 [16]
favored DO — K{n® —0.20+0.17 Belle 2014 [17]
D — K—ntrd 0.1£0.5 CLEO 2014 [18]
D — Kdntm~ —0.08+0.77 CDF 2012 [19]
DY K- rntr—nt 0.2+0.5 CLEO 2014 [20]
D% —nKQ 0.54+0.53 Belle 2011 [21]
D% —n'K3 0.98+0.68 Belle 2011 [21]
Singly DO —rtm- 0.00+£0.15 LHCb 2017 [13]
Cabibbo- | D — 7970 —0.03£0.64 Belle 2014 [17]
_ LHCb 2015 [22]
0 + 0
suppressed | D' —wn"n 1w 0.32+0.42 BaBar 2008 [23]
D°— KK —0.02+1.54 Belle 2017 [10]
DY KTK- —0.16+0.12 LHCb 2017 [13]
D' K+tK—7° —1.00£1.69 BaBar 2008 [23]
D’ — KQ K*nt — LHCb 2016 [24]
D s rtr—rtm- — LHCD 2017 [14]
D’ KYK-mtn~ — LHCD 2013 [25]
Doubly D — K+r— 70 —0.14+5.17 Belle 2005 [26]
Cabibbo- D’ Ktr—rmta~ —1.8+4.4 Belle 2005 [26]
suppressed
Radiative | D°%— py 5.6£15.2 Belle 2017 [11]
D°— ¢y —9.446.6 Belle 2017 [11]
DO — K "0y —0.3+2.0 Belle 2017 [11]

for DY — K nt7— 70 decays, and

CT = ﬁKS : (ﬁﬂ'_ X ﬁﬂ'+)

()

for D0—>K§ 7~ t70 decays. One integrates these quantities’ distributions
to construct the T-odd observables

:F(CT>0)—F(CT<0)

Ar = e (6)

for DY decays, and

[ (=Cp>0)— I (~Cp<0)
ATE =

~
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TABLE III

Time-integrated CP asymmetries for hadronic DT decays.
from HFLAV [27].

The world averages are

Decay Channel World avg. or Most precise
most precise [%)] measurement
Cabibbo- | DT — K{n™ —0.41+0.09 Belle 2012 [28]
favored Dt — Kintrd —0.1£0.7 CLEO 2014 [29]
DY - Kdrtrtn~ 0.0£1.2 CLEO 2014 [29]
Dt K rtrxt —0.18£0.16 D@ 2014 [30]
Dt K- ntntq0 —0.3+0.7 CLEO 2014 [29]
Singly Dt —gtg0 2.3+1.3 Belle 2017 [12]
Cabibbo- | DT —»7ntrtr™ — LHCb 2014 [31]
suppressed | DT — K{K+ 0.114+0.17 LHCb 2014 [32]
Dt K{Ktntn™ | —4.246.8 FOCUS 2005 [33]
Dt KtK- 7t 0.32+0.31 BaBar 2013 [34]
Dt —nrt 1.0£1.0 Belle 2011 [35]
Dt —p'nt —0.61£0.90 LHCb 2017 [15]
Doubly
Cabibbo- | D* - K+x0 —3.5+10.7 CLEO 2010 [36]
suppressed

for DO decays. As illustrated in Fig. 4, these observables correspond to
the difference between the K momentum projecting above the (mt,77)
decay plane, and the momentum projecting below. Both Ar and Apr may
be nonzero due to either interference between strong phases in the decay
amplitude, or T violation. A difference due to strong phases would be the
same for Ar and A7, and thus the difference ar = (Ar — Ar)/2 isolates
the T-violating effect [44]. (This asymmetry is also CP-violating, so CPT
conservation implies T violation.)

pKO p7T+XpZT*

Pr: Pz
Fig. 4. Decay topology for D° — K ntm~=°.
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TABLE IV

Time-integrated CP asymmetries for hadronic D decays. The world averages are

from HFLAV [27].

Decay Channel World avg. or Most precise
most precise [%] | measurement
Cabibbo- Df —>K§ K+ 0.08+0.26 BaBar 2013 [37]
favored D — K K+n0 ~1.646.1 CLEO 2013 [38]
Df—K{KJmt 3.145.2 CLEO 2013 [38]
Di S KVEK-mt —0.5£0.9 CLEO 2013 [38]
DY S K+EK-wtz0 | 0.0%3.0 CLEO 2013 [38]
D s K-KQmtrt | 414238 CLEO 2013 [38]
DY - KQK+atn~ | —5.7+54 CLEO 2013 [38]
D¥ syt 1.143.1 CLEO 2013 [38]
DF prtad —0.5+4.4 CLEO 2013 [38]
Df —»n/nt —0.82£0.50 LHCb 2017 [15]
Df —wn/'7tr0 —0.4+7.6 CLEO 2013 [38]
Singly Df —»KQrt 0.3840.49 LHCb 2014 [39]
Cabibbo- Df - K*+x0 —274+24 CLEO 2010 [36]
suppressed | Df - KTrtr™ 4.54+4.8 CLEO 2013 [38]
DY sy K+ 9.34+15.2 CLEO 2010 [36]
DY s/ K+ 6£19 CLEO 2010 [36]
Annihilation | DY 7 rat —0.7£3.1 CLEO 2013 [38]

The Belle measurement for D — Kg 7Tm~ 7% has good precision, as
the signal yield is large and backgrounds are low. Belle fits for the sig-
nal yields of four independent subsamples: {DY Cr > 0}, {D° Cr < 0},
{D° Cr>0}, and {D° Cr< 0}. The resulting yields give ar = (—0.028 +
0.138 fg:ggg)%, which is consistent with zero. As the four-body final state re-
sults mainly from two- and three-body intermediate states, Belle also divides
the event sample into ranges of M (r 7~ 7%), M(7*7%), and M(KIr*) in-
variant masses to isolate K§w, K{n, K*~p*, K*Tp~, K* 770, K*Tn=n0,
K*O7rtr~, and Kg pTn~ intermediate states. For these subsamples, ar
is recalculated. The results are listed in Table V and are all consistent
with zero, i.e., no T violation is seen. Previous measurements of ar for
D — KtK—ntn~ [41, 42] and D(*;) — KTK 7 n~ [43] also show no evi-
dence for T violation.
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TABLE V

Values of A7 and ar for different regions of D° — K2 777~ 70 phase space, from
Belle [40]. M;jp) indicates the invariant mass of mesons 7 and j [and k.

Resonance Invariant mass Ar (x1072) ar (x1073)
range [GeV/c?|
KQw 0.762 < Myt r-no < 0.802 3.6+05+05 —1.7+£3.2+0.7
KQn Mt o < 0.590 02+13+04 46+£95+02
K*pt 0.790 < My, - <0.994  6.9+0370% 0.0 £2.01¢
0.610 < M +,0 < 0.960 — —
K*tp~ 0.790 < Mg+ <0.994  22.0+0.6+0.6  1.2+4.4%77

0.610 < M0 < 0.960 —
K*=7tal | 0790 < Mgo,— <0994 255+0.7+05 —T14+527773

K*tral | 0.790 < Mgore <0994 245+£1.0707  —3.9+7.377]
K*0ntr= | 0.790 < Myono <0994 19.7+0.8%05 0.0+56"53
KQptr~ | 0.610 < Myip0 <0960 1324+09+04  7.6+6.1702
Rest — 20.5+1.0152 1.8+747122

5. Semileptonic and leptonic decays

Semileptonic and leptonic D decays are easier to understand theoretically
than hadronic decays. Their decay rates are parameterized as

drr(D—PpPttv)  G? 9 i}
( dq2 = 2471:3 ‘f_‘_ (q2)| |Vcs,cd|2p 3 (8)
and )
G2 m2
+ +.,) — TF 2 2 2(4 My
r (D(s)_% V) 87 fD<s>‘Vcs,cd‘ mp 1y <1 m2D> ) (9)

where V.5 and V.4 are CKM matrix elements, p* is the magnitude of the
momentum of the final-state hadron in the D rest frame, f¥(¢?) is a form

factor evaluated at ¢> = (Pp — Pp)? = (P, + P,)?, and fpy,, is the DE’;)

decay constant. Thus, with knowledge of f¥(¢?) or fp, (e-g., from lattice
QCD calculations), measurements of semileptonic and leptonic decay rates
determine |V,4| and |Vgs|. Alternatively, assuming values of |V,4| and |Vs|
(e.g., from CKM unitarity), the decay rates determine f*(¢?) and [,
These values can be compared to theory predictions.

5.1. BESIII results

BESIII has recently presented new measurements of D* — K %*v and
Dt — 1Y%ty decays using hadronic tagging and 2.93 fb~! of data [45]. The
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decay rates are measured in bins of ¢2, as shown in Fig. 5. The data points
are fit to Eq. (8) using several theoretical models for f¥(¢?); the floated
parameters are the normalizations fX(¢> = 0)|V,s| and fT(¢*> = 0) |V,al.
Taking the form factor normalizations f£(0) and f7(0) from lattice QCD
calculations [46, 47], one obtains |V,s| = 0.944 4+ 0.005 & 0.015 + 0.024 and
|Ved| = 0.210£0.004£0.00140.009, where the third error is due to theoretical
uncertainty in the lattice calculations. These values are consistent with
CKM unitarity (see below).
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Fig.5. BESIII results [45] for DT — K %e*v decays (left) and DT — 7% " v decays
(right). The theoretical predictions with floated normalizations f;(0)|Ves| and
[(0) |Veq| are superimposed.

Several other semileptonic decays have also been measured by BESIII,
although no form factor calculations for these exist: DT — ¢(u™, e™)v [48],
Dt =y pty 48], DT —nOety [49], DT — K%t v [50], and the radiative
leptonic decay DT — vetv [51]. BESIII results for purely leptonic decays
Df —ptv and D — 77 v are given in Ref. [52].

5.2. HFLAV world averages

HFLAV has calculated world averages for the product fp|V.4| measured
using Dt — uv decays, and for the product fp,|Ves| measured using
Df —wetv/utv/rTv decays |2]. In the former case, inserting the lattice re-
sult fp = 212.15+1.45 MeV [53] gives | V4| = 0.2164£0.0050+0.0015, which
is consistent with the unitarity constraint |V4| = 0.22492+0.00050 [54]. Av-
eraging this result with the corresponding value from semileptonic D — wfv
decays gives a world average of 0.216 + 0.005, as shown in Fig. 6. This
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value is also consistent with unitarity. Alternatively, inserting the unitarity
value for |V.4| gives fp = 203.7 + 4.9 MeV, which is 1.70 lower than the
lattice QCD prediction.

Summer 2016 Summer 2016

D — by e+ 0.2164 + 0.0050 + 0.0015 Ds — vy - 1.006 + 0.018 + 0.005

D — mluy ot 0.2141 4+ 0.0029 + 0.0093 D — Klvy —c— 0.967 £ 0.005 + 0.025

Average 0.216 - 0.005 Average 0.997 £ 0.017

D = (m)evy e : : Ds — fvg + D — Ktvy : :

vN —e— 0.230 +0.011 T 0 TE To1s

Indirect ¢ 0.22529+9.:00041 Indirect ¢ 0.973304+0,000074
0.15 0.2 0.25 0.3 0.85 09 0.95 1 1.05 1.1 1.15

| Vcd‘ ‘ Vc5|

Fig.6. HFLAV world average values for |V,q| (left) and |V.4| (right), from Ref. [2].

For D} —¢*v decays, using the lattice result fp, =248.834+1.27 MeV [53]
gives |Vos| = 1.006 £ 0.018 £ 0.005, which is consistent with the unitarity
constraint |V.s| = 0.97351 + 0.00013 [54]. Averaging this result with the
corresponding value from D — K /v decays gives a world average of 0.997 +
0.017 (see Fig. 6), which is also consistent with unitarity. Alternatively,
inserting the unitarity value for |V | gives fp, = 257.1 + 4.6 MeV, which is
1.70 higher than the lattice QCD prediction.

6. Charm baryons

There has recently been a profusion of new measurements of charm
baryon decays. Belle, BESIII, and LHCb dominate these measurements,
and their most recent results are listed in Table V1.

One result from Belle is that of a search for a “hidden-strangeness” pen-
taquark (P;") with quark content ssuud [59]. This state would be analogous
to the “hidden charm” pentaquark P = ccuud observed by LHCb [77].
For this analysis, Belle reconstructed A} — ¢pr® decays and fitted for the
signal yield in bins of M (¢p) invariant mass. Plotting these yields gives a
background-free M (¢p) distribution; a peaking structure would indicate an
intermediate P;” — ¢p decay. The resulting distribution is shown in Fig. 7.
There is an excess of events (78 & 28) at My, = 2.025 + 0.005 GeV /c?, but
the significance is only 2.70. The future Belle IT experiment [78|, with much
higher statistics, should be able to clarify whether this excess is the first hint
of a P} state.
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TABLE VI

Recent results for charm baryon decays, from Belle (upper section), LHCb (middle
section), and BESIIT (bottom section).

Result Data [fb~!| | Experiment
Ay = Yrm 711 Belle 2018 [55]
£.(2930) = AT K~ 711 Belle 2018 [56]
Excited (2. 980 Belle 2018 [57]
2Y hadronic decays 980 Belle 2018 [58]
AF = gpr—, K=t n0 915 Belle 2017 [59]
efem = AFXY =0 09 800 Belle 2017 [60]
Excited 20, =F 980 Belle 2016 [61]
£.(3055) — AD 980 Belle 2016 [62]
AY —»pK*trn~ 980 Belle 2016 [63]
A —putp~ 3.0 LHCD 2017 [64]
AF S pK+ K-, prta— CPV 3.0 LHCb 2017 [65]
AF SpKTK-, prta, prm K+ 1.0 LHCb 2018 [66]
St 1.7 LHCb 2017 [67]
Excited 20— S+ K~ 3.3 LHCb 2017 [68]
AF - E0K+ Z0(1530) K+ 0.567 BESIII 2018 [69]
AF s S gtat g0 0.567 | BESIII 2017 [70]
A+ —pn, pr® 0.567 | BESIII 2017 [71]
Ax o Aty 0.567 | BESIII 2017 [72]
AF KOt 0.567 | BESIII 2017 [73]
Ay —spKTK~, pntr~ 0.567 BESIII 2016 [74]
AT s hhh 0.567 | BESIII 2016 [75]
AF s Aety 0.567 | BESIII 2015 [76]
o Fr T T T T T3
L C ]
Z 40 -
O C p— ]
S + g
] + .
S+ T ]
C [ PRI BRI U EAPSRSE RSP B
1.98 202 204 206 208 2.1
m(@p) (GeV/c)

Fig. 7. Background-free M (¢p) invariant mass distribution for D° — ¢pr® decays,

from Belle [59].
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Fig.8. M(Z}K™) invariant mass distribution, from LHCb [68].
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Fig.9. (Colour on-line) Belle measurement [57] of excited 2% states. Top:
M(EZ}FK™) invariant mass distribution. Middle: wrong-sign M (= K*) mass dis-
tribution, which contains only background. Bottom: M (=} K ™) mass distribution
in which the “ZF” is taken from the M (pK ~7) 51deband. The solid (blue) curves
show the overall fit projections.
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Another interesting result comes from both LHCb [68] and Belle [58]
and concerns excited {27 states, which have a valence quark content of css.
LHCb observed five new excited states by reconstructing = — pK -7t
decays, pairing the = with well-identified K~ tracks, and calculating the
M(ZF K™) invariant mass. The resulting distribution is shown in Fig. 8.
Five narrow peaks are observed, clearly indicating 2% — ZF K~ decays.
This result was recently confirmed by Belle (see Fig. 9), although the Belle
statistics are significantly lower and only sufficient to identify four of the five
2% states.

7. Summary

Recent world averages for D°~D? mixing and indirect CPV parameters
as calculated by HFLAV are summarized in Table I. Results from searches for
direct CPV are summarized in Tables II, III, and IV. The most recent world
averages for |V.4| and |Vs| as calculated from measurements of semileptonic
and leptonic decays are plotted in Fig. 6; the resulting values are consistent
with CKM unitarity. Finally, the most recent results for charm baryon de-
cays are listed in Table VI. Although no statistically significant signal of new
physics is seen, the precision of these results will be significantly improved
with the analysis of LHCb Run 2 data and the large eTe™ dataset to be
collected by Belle II. Many new charm baryon measurements are expected,
well beyond those listed in Table VI.

We thank the workshop organizers for hosting a productive meeting with
excellent hospitality. The author also thanks Andrea Contu for reviewing
this manuscript.
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