CP violation in the
charm sector

16th International Conference on Heavy
Quarks and Leptons

ALMA MATER STUDIORUM November 28, 2023 to December 2, 2023
UNIVERSITA DI BOLOGNA TIFR, Mumbai

Angelo Carbone
on behalf of the LHCb and

Belle-ll Collaboration

INFN and University of Bologna



Importance of CP violation in charm physics

« Charm physics is a powerful tool for the indirect search for New
Physics

« CP violation in charm decays was recently discovered

« It opens up a new field of research: the study of CP-violating

effects in the sector of up-type quarks and searches for new
physics effects

« CP violation in SM highly suppressed - relatively large
observation of CP violation can reveal new physics
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CP violation in the decay (or direct CPV)

CP Violafion in the decay conisists of a difference in decay amplitude
between the decay of D® - f and its CP-conjugate D° - f

Ar = (IHID®) o1l 1A
Ar = (f|H|D°) DA+ A

CPV can be observed if the total amplitude of D® - £ (or D° - f)
consists of two interfering amplitudes with different phases
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Only weak phases change under the action of the CP operator
Strong phases can enhance the observed CP violation



CP violation in the mixing and
interference between mixing and decay
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Four decay rates
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CP violation in interference
between mixing and decay



Charm CP violation in the SM model

 Observation of CP violation is
highly suppressed in the SM

 Interference with loop diagrams
of down-type quark
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« QCD corrections are large and
difficult to calculate

 Lifetime of charged hadrons are
not affected by these
mechanisms
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Charm physics program in LHCDb

* Large cc production cross
section ~2.8 mb@13 TeV
« Bilions of D° - K*rt decays
reconstructed with the full
LHCb data sample
« Two ways to identify the
flavour of D° f
« Prompt tag: look at the = charge of D** - Dt
- Semileptonic tag: look at the u charge in B —» DO‘U_V#X
« Precise CP violation measurements need control of detection
and production asymmetries at the per-mille level
« Direct CP violation = observed for the first time by LHCb in 2019
e AAcp = (—15.4 4 2.9)x107* [Phys. Rev. Lett. 122 (2019) 211803]

« CP violation due to mixing and interference between mixing
, and decay 2> per-mille level measurements performed



https://doi.org/10.1103/PhysRevLett.122.211803

Charm physics program at Belle i

Large ete™ — c¢¢ cross-section
provides low-background event
somples

’ro tape (~100% trigger efﬂaency
uniform across decay time and
kinematics)

Rich program of charm physics
* Excellent reconstruction of final states
with neutrals: e.g., D° - n°#°, D* -
0, DY - pY,... to complement LHCb
physics program with charged hadrons

Unigue access to final states with
invisible particles: e.qg., di-neutrino
final states

Novel charm flavour tagging
(CFT) [PRD 107 (2023) 112010] > double
the sample wrt D**-tagged
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Latest resulls from Belle-ll




Novel charm flavour tagging (CFT)

» Inspired by opposite-side b-flavor

tagging +
- Reconstruct particles most e " | T
collinear with signal meson, use ; D(ci) < i
machine learning oK "
« Trained using simulation
Performance measured and
calibrated with data 10 X10°
- ggtra?rg:g.m N Bellell
a‘tag (47.91 £ 0.07(stat) & 0.51(syst))% B A
0.6

best performance across any flavor tagger

« Doubles the sample size w.r.t.
D**-tagged decays

» Performance measured and U
calibrated on data M(K=r*) [GeV/c?]

Candidates per 2.0 MeV/c?

PRD 107 (2023) 112010
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D lifetime [fs]

Charm lifetimes

» Lifetime hierarchy of heavy-flavoured hadrons crucial to constrain and
validate predictions of mixing and CP violation based on heavy quark
expansion (HQE)

PRL 127 (2021) 21801 PRL 127 (2021) 21801 arXiv:2306.00365 PRL 130 (2023) 071802 PRD 107 (2023) L031103
72107 | el 72 o O |ﬁ 207 fo-" 207 ot | 207 fo ] }‘
|z _ [ S _ - i %) 2 " B 201 5 _ i gl = 2
" e Tl - i I P g | Sl g Bigsl € [P | 5
Tl g }e & 5T ’e } : L s H L E’}S S £ |
o | 5 ) Bl Sut s 1 P A " | Hal \ ,
i DO ) D+ soof- ” DS+ 1 s lg /\c+ [ L i QCO
2000 ‘Ye‘azrom' %00 2000 'Ye:rmo‘ ) 1990 200 200 2020 o ;e'azrow‘ R TITE 1990 2000 Year:olo 2020
e T Belle Il data provide unique opportunity for
o precision measurements of absolute lifetimes
PDG | fi = & 5 W 0 p+ + + lifat
2018 - =t orld-best D, D™, DS and A{ lifetimes
LHCb | 2l oA e 2 Confirmation of LHCb result indicating that
Semil i . .
S g 0 the Q0 is not the shortest-lived weakly
Ltcb | =) B decaying charmed baryon
Prompt LHCb Comb. y g y
. | . | High-precision measurements with
100 200 300 400 500

10

Lifetime [fs]

systematics under control pave the way to
time-dependent measurements at Belle ||
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Latest results from LHCDb




CP violation in D° - K°K*n* decays

[LHCb-PAPER-2023-019]
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CP violation in D{;, - K*K“K* decays

[JHEP 07 (2023) 06/]
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No evidence of CP violation was observed
p-values wrt null-hypothesis 13.3% for D and

13 31.6% for Dt

binned model-independent
technique that measures
CP violation observables in
each bin
x2-test against null-
hypothesis (no CPV) to
search for CPV
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CP violation in D™ - ntn n® decays
[JHEP 09 (2023) 129]
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CP violationin D° > K" K*and D° -t

CP violation was observed in 2019 by LHCb with DY - K=Kt and
D° - ~n*t decays measuring the difference of the time-integrated

CP asymmetry
AAcp = Acp(KK) — Acp(mm)

LHCb observed (5.3 o) CP violation in the neutral charm decay

AAcp = (—15.4 +2.9)x107*

Time-integrated CP asymmetry

0_ (D% f
[e@[L(D=A)O-T(D°=A®]dt _ a  <t>; AY;

Acr) = Teoromnomro-nol ~ 4 T

e(t) is the time-depedent reconstruction efficiency
AY; is related to the parameters descibing mixing and interference between mixing and decay

<t >, is the average acceptance-dependent decay time of the D° mesons in the experimental
sample

15 [Phys. Rev. Lett. 122 (2019) 211803]



https://doi.org/10.1103/PhysRevLett.122.211803

CP violationin D° - K K*

The flavour of the initial state (D° or D? ) is
fagged by the charge of the pion from
D** — D', and D*~ - Dm,, coming
from primary verteces

The asymmetry, made of the number of
reconstructed D° and DY, is defined as

A_N(D°—>f)—1v(ﬁ°—>f)
- N(D° - f) + N(D° > £)

and it is related to the CP asymmetry as

A=Acp+Ap(m) +Ap(D™)
nuisance asymmetries
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[JHEP 07 (2023) 228]

Prompt D** decay
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[JHEP 07 (2023) 228]

Final results

The value of the CP asymmetries are

Cp+: Acp(K~K™T) =[13.6 + 8.8 (stat) & 1.6 (syst)] x 1074,
Cp+ : Acp(K~K™) =[ 2.8 +6.7 (stat) + 2.0 (syst)] x 107*.

with a total correlation corresponding to p = 0.06
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First evidence for direct CP violation

Combining this measurement with the AAq.p and AY;
LHCb measurements
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This is the first evidence of CP violationin D° » 7™
(3.80) in an individual charm meson decay

18 [JHEP 07 (2023) 228]
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U-spin symmeiry
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CP violation in mixing with D° - K% n~
from B decays (bin-flip method)

For each decay-time interval (j), the ratio of the number of decays in each
negative Dalitz-plane bin (-b) to its positive counterpart (+b) is measured
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CP violation in mixing with D° - K% n~
from B decays

LHCb-PAPER-2022-020
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CP violation in mixing (HFLAV)
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No sign of CP violation in mixing and interference between
mixing and decay
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Large impact of LHCb measurements on the world averages



Conclusions
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The LHCb experiment plays an important role in the
determination of CP violation in charm decay

LHCb observed for the first time CP violation in a charm decay
High precision reached in CP violation mixing parameters

Several searches are ongoing in LHCb to understand the nature
of CP violation with additional decays (two and three bodies)

The Belle-ll experiment has on tape a sample equivalent to BaBar
and half of Belle

Belle-Il data-taking will restart soon (early next year) - an

important contribution is expected in the following years to
complement the LHCb measurements in the charm sector

Exciting time head for LHCb with the 2024 and 2025 data-taking
campaign



