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CP Violation

CP violation discovered in charm in 2019 at LHCb

CPV in charm is predicted to be small in the
Standard Model (~ 10~% — 10—3)

Theoretical prediction has large uncertainties due to
strong interactions

CPV searches in charm complementary to those in
kaons and B mesons
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Types of CP Violation

Direct CP Violation:
: 50 7 % | DY
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CP Violation in Mixing: \ —0 /
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CP Violation in interference in mixing and decay: J
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World Averages
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World averages of the mixing and CP-violation parameters 2021, from HFLAV.
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https://hflav-eos.web.cern.ch/hflav-eos/charm/CKM21/results_mix_cpv.html

Mixing inD%! K2 *

"Right-sign' (CF) and "wrong-sign' (DCS or mixed) decay irgame nal state

O ers direct access to mixing and CPV parametexsy, g=p,
Requiresime and phase-space dependent analysis
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Bin- ip Model-independent analysis

Data is binned in Dalitz coordinates where the binning
scheme is chosen to have approximately constant
strong-phase di erences

Measure the yield ratid},, between b andb in bins of
decay time

N Mt In t2 Re(zZy 22+ 1 t? jzep 7%+ PRt ReX,(zep  2)]
bj 1+ % t2 j Re(zép 22)+ rb‘l‘r t2 ijCP Zj2+ Pml’tij Re[Xp(zcp z)]
Xcp Im(zcp) ycp Re(zcp)

X Im(  z) y Re( 2z)

and in the limit of CP symmetrkcp = X, ycp = yand x= y=0
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Bin- ip Results

RatiosR; =R, , the slope shows a sign of mixingR; R, any slope shows sign @P-violation
red line isx = 0 hypothesis. (none seen).

martha.hilton@cern.ch IOP HEPP & APP Conference 2022 April 6, 2022 7120



Results

First observation of a non-zero mass di erence ( x > 0) in neutral charm mesons.
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Amplitude formalism

The square of the time-dependent amplitude of the process! Kg * is given by:
2 !

jAf(t)j2=%e 4 jAj?2 j 2Bj? cosk t) 2Im AB
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as well as a similar equation foA; (t) > (D° ! K2 * ).

A= A; andB = A are the amplitudes oD%(D% ! f and depend on the phase-space
de ned by the Dalitz variablesn?(KQ *) and m?(K2 ).
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CP Violation

Include CP-violation in the
X = Xcp x andy = ycp

t by allowing« andy to be di erent for D° and D°:

y (Bin- ip paper)

Xcp = 5 XCOS g + 2 +ysin g
x:% X COS g z + ysin g
YCP:% y COS % + g X Sin g
y:% y cos g 2 X sin g
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The overall PDF is given by:
h
P(t;mf;m?;psig;tag;~) = Psig (1 ! muontag)Psig(t; m2 ;m? ;tag; ~)
|
+ ! muontag Pmt (t; M2 ; m? ; tag; ~) (6)

+(1  Psig)Pokg (t; m2;m?)

Psig is the per-candidate signal probabilitiag is the avour tag, ~ is a vector of the t
parameters,! muontag IS the mistag fraction. The decay-time is given byand the Dalitz
variables aren? and m?. The signal PDF is given by:

Psig(t;m2;m?;tag;~) = jAf(tSmZ;m?) 2 (19  R(;t% ) (mZ;m?)  (7)

whereAs (t® m2; m?) is the time-dependent amplitude model(t) and (m2:;m?) are the
decay-time and phase-space e ciencies aRqt;t® ; ) is the decay-time resolution.
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Data Selection

Turbo trigger, o ine pre-selection and data-trained MVA.
1.36M (2.80M) single-tagged LL (DD) signal candidates, and 0.22M (0.48M)
double-tagged LL (DD) signal candidates, summing to4:9M signal candidates in total.
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Amplitude formalism

The amplitude forD ! abc through an intermediate resonancge! ab is given by:

Armzim?)= FP(qa0) FP(ipo)  Zu() T (m)

where the form factorsFéL) and Fr(L) describe the decalp ! rc andr! ab,
L is the orbital angular momentum betweemand c,

p and g are the momenta ot and a in the resonance rest frame,

Z () describes the angular distribution of the nal state particles,

T, is the dynamical function describing the resonance

X
T(DO! Kg * )= T +co Tk + G Ty

r

S-wave described by K-matrixt( ), K S-wave by LASSTk )
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Time-integrated Fit

ms, [GeV] m#; [GeV] m3; [GeV]
Fit projections. Single-taggedig (LL) 2016 sample. Fit 2/ndof = 1.18 for 6763 ndof.
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Toy studies

Toy psuedoexperiments are used to validate the tter, assess potential biases and
estimate statistical precision.

Amplitude model taken from initial time-integrated t
Realistic background and detector e ects are included
Decay-time is generated using the PDG valueDdt lifetime
Toys are generated with world average valuexadndy 1
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Toy Studies

Mean and width of pulls of t parameters
(above). Fit projections for one toy (left).
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Time-dependent Fit (Single-tagge<f (LL) 2016)

mz, [GeV] mZ, [GeV]

2 0
mZ; [GeV] (D) [ps]
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Systematic Uncertainties

Model-dependent systematic uncertainties are related to the choice of amplitude mode
Largest experimental systematic uncertainty is due to the background PDF
Systematics are evaluated by resampling and rerunning t to data or with toys
Numbers are preliminary, some need to be updated with the simultaneous t

So far they are under control and comparable but below the statistical uncertainty
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World Averages

This gure shows world average not including the bin- ip result (grey), current world averages on the
mixing and CP-violation parameters (purple) including the bin- ip result, and this work (yellow)*.

* This work refers to the model-dependent amplitude analysis which is currently WIP and
blind, here central values assumed are those of the bin- ip result.
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Summary

Time-dependent amplitude analysis B! K2 *

Mixing parametersx andy can be extracted from a time and phase-space dependent !
of the amplitude model to data

Fit inputs include:

Signal model from Belle and BaBar

Decay-time acceptance and resolution from simulation
Phase-space acceptance from simulation

Background from data driven approach

Mistag fromD ! K sample

Blinded time-dependent t to data
Toy studies
Systematic uncertainties and cross-checks
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Back Up



Systematic uncertainties

Uncertainties are in units of 1.
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World Averages

World averages of the mixing and CPV parameters showing the impact of this result. Pre-2021 WA
blue and including this result in orange.

Paper: PhysRevlLett.127.111801
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Analysis overview

UsesD mesons from semi-leptoni8 meson decays:

B! D% K2 * ) X (single-tagged)

B! D (! D°(' K2 * ) ) *X (double-tagged)
Model developed within GooFit and ts run on GPUs

Initial amplitude model based on Belle and BaBar model (Paper)
The inputs to the mixing t consist of:
Signal model
Background from data-driven approach
Phase-space acceptance derived from Monte Carlo
Decay-time acceptance and resolution derived from Monte Carlo
Mistag fraction derived from two-bodp®! K sample
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Simulation

Monte Carlo reweighted to match data using multi-dimensional kinematic reweighting
MC is used for phase-space acceptance, decay-time acceptance and decay-time reso

Phase-space acceptance Decay-time acceptance Decay-time resolution
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Toy Studies

(a) Pull x (b) Pull y
Summary of the results of running ts over ensembles of toy pseudo-experiments, generated at a re
of di erent mixing parameter values covering the world average valués.
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World averages on the mixing and CP-violation parameters without the bin- ip result (grey), the 202
bin- ip result (purple) and this work (yellow)*.

* Same assumptions as previous slide.
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Monte Carlo Reweighting

Inputs needed for the mixing t model from simulation: Phase-space acceptance,
decay-time resolution and acceptance.

Monte Carlo samples: Event types 12875523 and 11876125 cocktail of neutral and
charged B mesons (phase-space MC)

MC reweighted using multidimensional kinematic reweighter GBReweighter fromnfiep
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Original distributions. Single-tagge®Q (LL) 2016 sample.

martha.hilton@cern.ch IOP HEPP & APP Conference 2022 April 6, 2022 8/13






	Appendix

