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We present an overview of four recent measurements of charm decays performed at the LHCb experiment. These include the first observatio
of the non-zero mass difference between neutral charm-meson eigenstates, the most precise measutementamd AY.., and time-
integratedAc p of eight two-body charm decays. The precision of the measurements is mainly limited by statistical uncertainty, so further
improvement is expected with the upcoming LHC Run 3.
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1. Introduction between the two mass eigenstates. They are

Charm decays are the only up-type quark meson decays x=Amp/Tp and y=Al'p/2Tp, 2)
whereC'P violation (C PV') can be studied and are comple-
mentary to kaon andB-meson decays. However, our under- WhereAmp andAl'p are the differences between the heavy
standing of charm dynamics is severely limited by significanttnd light eigenstates’ mass and decay width, respectiligly.
long-distance contributions and non-perturbative effects [1]is the average decay width. The factor of two in the second
which are notoriously difficult to predict and describe theo-€quation is a convention that creates a certain symmetry be-
retically. tween the two parameters.

Recent years have seen a renaissance of charm physics Thrge fla}vours oCPVexist, and all three are expected to
fueled by a range of new results from various colliders (B-Pe realised in charm:
factories, the Tevatron, and the LH@)? — D° meson mix-
ing is now a well-established phenomenon, é&h violation
was observed iD° decays into two pions or two kaons in

e CPVindecay occurs when the decay width fd?% —
f decay is different than for th@P-conjugatedD® —

2019 [2]. J decay.

Mixing and CPVin charm are quite different from the e CPVin mixing appears when the probability of the
same effects in the strange and beauty systems. Both effects  D° — DY process is different from that d@° — D°.
are severely suppressed by the Glashow-Iliopoulos-Maiani Itis characterized byg/p| # 1.

mechanism and the magnitude of the Cabibbo-Kobayashi- ) o )
Maskawa elements. Furthermore, the mass of the charm ® Finally, CPVcan originate from the interference be-

quark is close to the hadronic scale,cp, so the usual tween decay and mixing. The relevant condition is
perturbative expansion iNqcp/m. is tricky. Finally, the bx; = arg (qu/PAf) 7 {O,g}, Wh?geAf and Ay
magnitude of the strong running coupling at the charm are the decay amplitudes @1° and D” mesons, re-

mass scale is large, which means higher-order contributions ~ SPectively, to a common final stafe
and non-perturbative effects can be significant. These pOimﬁaditionaIIy,CPVin charm is characterized usifig/p| and
might sound rather negativg, but the _strpng SM suppressionkf_ While the phasep,, depends on the final state, at
?rizztgql?r?gjttizecrﬁggl I:ohzzfsstrzci)rﬁecnr:;arlrr:s dg/g?nt'icasnd eXperﬁurrent experimental precision, this effect is often neglected,
: thus takingy Q’«_%f- o . _

An alternativeCPV parametrisation is gaining popularity
thanks to certain advantages it confers — the parameters of-
fer better statistical properties and are easier for theorists to

Neutral meson mixing is a consequence of a mismatch bdDterpret. The alternative parameters are the CP-even mixing
tween flavour and mass eigenstates. Labelling the mad¥rameters.cp, ycp, which are approximately equal to the

2. Formalism

eigenstates 1 and 2, we can write original z, y, andCPVparametera\z, Ay defined as
~ 1
|D15) = p|D°) +q|D°), (1) Ar=; {wcow(‘ql’p‘) +ysin¢<’q‘+‘p‘)} 3)
2 pl g Pl lq

wherep, g are complex numbers relating the flavour and mass 1 q P ) q P
ycoso | |=|— —zsing [ |=|+|= . (4

eigenstates. The mixing parameters relate to the differencesAy:§ q q
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FIGURE 2. Transverse momentum distributions of th8 candidates in thé®® — K ~=* control channel. In the right plot, yellow (blue)
represents low (high) decay times.

3. Search for time-dependentCPV in D° — The observable is the time-dependent CP asymmetry
hTh— (h € {K, ﬂ-}) which can be parametrised as

A new measurement of time-depend@®Vin the D° — Acp(t) = D(D(t) = f) = F(?O(t) — /)

K+*K~ andD® — 7+t7~ decays was recently performed at L(DO(t) — )+ (D) — f) )

the LHCD [3]. These are the same channels that were used J t 5 o

for the 2019AAcp discovery [2]. TheD° was required =ay+ AYf% + 0@, y7, vy),

to originate from aD* — D, decay so that its flavour

at production could be deduced from the charge of the tag- d . : 0

ging pion. The analysis used proton-proton collision datg\v.\lhe.reaf s the C.P asymmetry in th_e decay, is the D
fetime, andAY is the parameter of interest that can be ap-

collected from 2015 to 2018 at a centre-of-mass energy Oéroximated as

13 TeV, corresponding to an integrated luminosity of b

The data sample corresponds to 58 million and 18 million

DY - K*K~ andD° — nt7n~ candidates, respectively. AY} ~ x¢y, —y (‘

The signal purity is around 95%, as can be seen in Fig. 1.

hSEIES

’ — 1) + ya?, (6)
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— T — T The time-dependence of these parameters is brought on by
== E 3 the trigger requirements. Initially, there is a momentum-
? 0.5 - _: dependent detection asymmetry based on magnetic field po-
B F g ® [ - larity and charge of the tagging pion. There is also a pro-
g OE_%%gP* b ] duction asymmetry because the LHC collides protons with
é —05F 3 protons, rather than antiprotons, so the quark-antiquark struc-
=~ c IL.HCbh ] ture is not symmetric. The two described asymmetries result
% -l s Raw 2017 MaelUp in a D°/D° momentum asymmetry. This asymmetry can
15 - —3— Weighted D'_s K’ﬁ% P E be observed in the transverse momentum distributions of the
Ter 3 D® — K~z control channel shown in the left plot of Fig. 2.
;) E = The trigger requirements then correld® decay time with
F oo ] kinematics and the nuisance asymmetries become time de-
2.5 }-Dg;;%@ﬂ;ar_@ﬁt-g_—. — - pendent. This is illustrated in the right plot of Fig. 2, where
B R 7 different colors represent differemt® decay times.
THE E The solution to mitigate this problem is to equalise
3B w1 DY/ DY kinematics by weighting the events. Figure 3 demon-
0 2z 4 6 strates the effect of this approach in the control channel,

8
1t n° where no observable asymmetry is expected. The raw dis-
tribution exhibits apparent asymmetry and a non-zero slope.
After the weighting procedure, no asymmetry in the control
channel is observed, in line with expectations.

The final asymmetry fits are shown in Fig. 4. The re-
sults areAYx - = (=23 + 154 0.3) x 107* and
AY, - = (—4.0 £ 2.8 + 0.4) x 1074, where the first
uncertainty is statistical and second systematicYy + -
andAY,+ .- agree with each other withihno. The agree-
ment was expected as the final state dependence is predicted
to be negligible. The results are also compatible with no
CPVwithin 2¢. The precision of the results was improved by
a factor of two compared with the previous measurement [6].
The results are dominated by statistical uncertainty, which
means there are great prospects for future LHCb measure-
ments. This is made even more exciting by the fact that the
total uncertainty is approaching [7] the Standard Model pre-
diction of 10~* — 1075 [4, 5].

FIGURE 3. Time-dependen€Pasymmetry of raw and weighted
D® — K~z control channel candidates.
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FIGURE 4. Time-dependent CP asymmetry fitsof — KK~

andD® — =+ x— candidates. The non-zero decay width difference between neutral charm

mesons,y, has been established in the past years [8-10].
demonstrating that it receives contributions from all threeHowever, the mass difference, has so far been elusive.
types of CPV. Standard ModeAY; predictions are very Its most precise past measurement was reported by LHCb as

small at10~4=10~" [4,5]. zop = (2.7+1.6) x 1072 [11].
The measured parameter is actually the asymmetry be- The measurement presented here [12] was optimised for
tweenD® and D yields. xop precision, similarly to the previous measurement [11].
o s Much like the analysis of Sec. 3, it usé&f from D* decays.
A = N(D(t) = f) = N(D°(t) — [) The events came from proton-proton collisions collected by
Y N(DO(t) — f) + N(DO(t) — f) the LHCb experiment from 2016 to 2018, corresponding to

4 ¢ () an integrated luminosity of 5.4 fid. A total of 30.6 million
~ag + Ay — + Aproa(f,1) + Ager(f, 1), D° — K%+ n— decays were analysed. The mass difference
b Am between theD* and D° candidates is shown in Fig. 5.
rather thanAcp.  Aproa(f,t) and Aae(f,t) are time-  TheAm is agood variable because it subtrabtsresolution
dependent production and detection nuisance asymmetriesffects and leaves only the effects from the stow
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FIGURE 5. Mass difference between the* and D° candidates.
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FIGURE 6. Dalitz plot (left) and binning (right) ofD° —

K2rTn~ candidates.
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FIGURE 7. CP-averaged yield ratios ab® — K977~ candi-
dates.

The analysis exploits the rich, resonant structure of the
multi-body final state; see the left Dalitz plot in Fig. 6.

Many interfering amplitudes such a° 2<% K*+7- —

_ mix = CF _ _
Kg71’+ﬂ' and D° — DO = K*tp— — Kgﬂ'er

contribute. The analysis employs the “bin-flip” method [13]
which is optimised forzcp sensitivity. The Dalitz plane is
divided into positive and negative bins, mirrored across the
diagonal. They are defined in such a way that the strong-
phaseD’-D° difference varies minimally across each bin.
The strong phases are constrained in the fit using CLEO and
BES Il inputs [14, 15]. The observables are the ratios of
events in positive and negative bins. One of the method’s
benefits is that most detector nuisance effects cancel in the
ratio.

Time-dependent fits to the ratios of the eight bin pairs can
be seenin Fig. 7. Deviations from a constant value are due to
mixing. The red dashed lines are fit projections whege
was fixed to zero, which shows that » alone cannot repro-
duce the observed distributions. The mixing parameters are
measured to becp = (3.97 + 0.46 4 0.29) x 10~3 and
yop = (4.59 £1.20 £ 0.85) x 1073, which is the first non-
zero measurement et p, with a significance larger that.

The analysis also looked at the difference of ratios for
D and D° and observed n€PV. However, limits were
improved considerably. The observed values ware =
(—0.27 £ 0.18 £ 0.01) x 1073 andAy = (0.20 + 0.36 +
0.13) x 10~3. The world averages of both the charm mixing
andCPVwere improved significantly by this analysis as can
be seen in Fig. 8, where the yellow (blue) contours show the
current world average with (without) the presented measure-
ment. BothAz and Ay uncertainties are statistically domi-
nated, leaving a clear path towards future improvement.
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The presented analysis [17] boasts several enhancements
over the previous analysis that used a smaller data set [18].
The nuisance production and detection asymmetries were
removed by a weighting technique exploiting th¥ —

K+ K~ calibration sample. The data was also split into
consistent sub-samples based on mass resolution and purity.
The new techniques resulted in a 30% sensitivity improve-
ment at equal yields. Paired with the data set size increas-
ing from 2 fo~! to 6 fo~!, this lead to a significantly more
precise measurement. The analysis extracted time-integrated
Acp from a 3D fit to m(K2) of both K and Am =
m(K3K%nt) — m(K2K2), which is shown in Fig. 9. The
resultisAcp(D® — K2K2) = (-3.1+£1.24+0.4+0.2)%,
where the first uncertainty is statistical, the second systematic
and the last one comes from the control sample. The result is
compatible with zero withir2.4¢ and is the highest precision
measurement of the parameter to date. Figure 10 shows the
context and updated world average fow p(D° — K2K?2).

6. Search for CPV in D, — ht#° and

()
D(;) — htn,h € {K,r}

The presented analysis [19] studied seven decays; those in-
dicated in the Section title sad3f — 7+#°, which is too
highly suppressedAcp (Dt — 77 x°%) is negligible in the
Standard Model because of isospin selection rules, making it
a promising decay for New Physics searches. It is also note-

FIGURE 10. Previous and present measurements and world averworthy that this is the first measurement A&P(Dz;) —

age ofAcp(D° — K2K2).

5. Measurement of CP asymmetry inD° —

KK} decays

The D' — KYK¢ decay is ideal folCPVobservation be-

h*h?) at a hadron collider. Studying two-body decays with
neutral particles in the final state at hadron colliders is chal-
lenging as a displacef) decay vertex, which is necessary
for background suppression, cannot be formed using a single
track. The analysis used converted— e*Te~ and three-
bodyh? — ete~v decays. The former only rarely happens
in the vertex detector, the latter suffers from a small branch-

cause the approximaté-spin symmetry can enhance the ef- ing fraction. However, put together there are enough events
fect significantly; Acp in this channel might be as large as to extract the asymmetry from a 2D fit ta(hTh°) and

1% [16].

m(eTe~ ), the projections of which are shown in Fig. 11.
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= : ] counted for. The results are listed in Table I. All are com-
31500 - E patible withCPsymmetry, and the first five are the most pre-

2 F ] cise measurements to date. Past and present measurements
:é 1000 3 and the world average olcp(D* — nt7°%) are shown

4= - e in Fig. 12.
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7. Conclusion
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m(e*ey) [MeV/c?] LHCD collected the largest sample of charm decays, which

led to new world-best measurements of time-integrated
FIGURE 11. Mass distributions oD” (top) andh® (bottom) can-  CPasymmetries, including channels with neutrals in the fi-
didates. nal state, and time-depende@Pasymmetries and mixing
parameters. The measurements include the first observation
I A B S S B of a mass difference between neuitainass eigenstates. The

precision of the measurements is limited mainly by statistics,
CLEO 1o so further improvement is expected.
[Phys. Rev. D $1 (2010) 052013] Many more intriguing LHCb results are sure to appear in
Belle the future, as there are more interesting Run 2 analyses in
e — . . . . . .
e wnnim the pipeline and Run 3 will start this year, featuring a higher
luminosity and an upgraded detector and trigger.
— o B LHCb
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FIGURE 12. Past and present measurements and world average of
ACP(DJr — 7r+7r0).
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