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Why are charm particles charming?

Standard Model - missing puzzles or new theory?

Quarks Leptns Bosons ® The Standard Model (SM) is a theory
of elementary particles and their
interactions.

® The known value of CP violation is too
small to explain the dominance of
matter over antimatter in the universe.

Unification? Naturalness? .. ¢ The main goal of particle physics is

to look for physics beyond the SM.
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Why are charm particles charming?

How to find sign of new physics?

e ATLAS and CMS search for new processes and new particles directly
produced in pp interactions.

® LHCb tests the SM in very precise measurements of known processes.
Any disagreement with theoretical predictions will indicate in indirect
way the existence of new phenomena.

e New particles might enter in the loops:
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g W b a Y . b
[} 1 1 |
b ‘lu,c,tl‘c1 b i X I g
oYY Y oY
’ N\ .~ N
b [ uct v b | X \ s

e CPV in charm sector is particularly promising, why? —
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Why are charm particles charming?

Standard Model predictions in charm decays

CP violation is expected to be ~ 1073 or less.

Singly Cabibbo-suppressed decays are the ONLY place for CP
violation in the SM.

Small background from the SM makes a perfect place for searching

new physics effects.
To observe CP violation at least two amplitudes MUST interfere with

different weak (¢) and strong phases (4):
W+ New physics
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ACP ~ |A1||A2|sin(¢1 - ¢2)sin(61 - 52)

® So far, CP violation is not observed in ANY baryon decays.
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The first observation of CP violation in charm sector

The first observation of CPV in charm sector
Phys. Rev. Lett. 122 (2019) 211803
e /s=13TeV, L~6fb L.

App(t) - L0 = ) -TD°(1) ~ f)
T T(DO(t) - ) + T(D(t) — f)

e The D° - K"K* and D° > 7 7 decays are analysed.
* The LHCb uses two methods to identify D° flavour:
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https://arxiv.org/abs/1903.08726

The first observation of CPV in charm sector

Phys. Rev. Lett. 122 (2019) 211803
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Total yields: ~44M(D° - K~ K*) and ~ 14M(D° - =~ 7")
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The first observation of CP violation in charm sector

The first observation of CPV in charm sector

Phys. Rev. Lett. 122 (2019) 211803
® The difference in CP asymmetries between two decays:
AAcp = Acp(K K - Acp(n ") = Apaw(K"K") = Apgo (™)
Araw = Acp(f) + Ap(f) + Ap(D)
Ap(f) - the detector asymmetries.

Ap(D) - the production asymmetry.

Ap(f) and Ap(D) are of the order of 2%, while Acp <1073
The detector asymmetries cancel since final states are charge
symmetric (O(107%)).

The production asymmetries cancel in subtraction.
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The first observation of CP violation in charm sector

The first observation of CPV in charm sector

Phys. Rev. Lett. 122 (2019) 211803
e The first observation of CP violation in charm hadrons:
AAcp = (-15.4+£2.9)x107* (5.3 o)

Alt)
T
JHEP 1106 (2011) 089

ind

Adcp = [afp(K"K*) - adp(rn7)] + acp

® Direct (majority) and indirect CP asymmetries contribute.

e Indirect CP asymmetries are smaller than 10%.
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The first observation of CP violation in charm sector

AAcp - bittersweet result

e Still, there are a few possibilities:
® according to U-spin symmetry, adci} is roughly the same magnitude in
K K" and 7™,
* or alit, might be significantly different, in 77 7% >> K™K+
CP violation in D decays to two pseudoscalars: A SM-based
calculation, E. Solomonidi, BEACH 2022.

* Nonetheless, to properly determine and investigate the source of
potential CP violation, one has to examine the single asymmetry.
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https://indico.fis.agh.edu.pl/event/120/contributions/349/
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Measurement of CPV in D’ - K K*

LHCb-PAPER-2022-024 in preparation
* Run 2 (2015 - 2018), /s =13 TeV, L ~6fb".
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Total yields: ~45M(D° - K~K*) and ~ 60M(D° - K~ 7*)
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Intriguing two-body D° decays

Measurement of CPV in D° - K- K*
LHCb-PAPER-2022-024 in preparation
® The raw asymmetry can be written as:
A(K7K+) = ACP(K_K+) + Apmd(D/DH—) + Adet(ﬂ';—oft)
® The nuisance asymmetries (A4 and Age,) are removed by control
channels with negligible CP asymmetry:

A(K™7") = Aproa(D™) = Ader (K1) + Ader(m") + Ader (o)
AK™mt71%) & Aproa(DY) — Adet (K1) + Ader(77) + Ader (7)),
AK°7") & Aproa(DT) — A(K°) + Ager(77),
A(qb7r+) ~ Aprod(D:) + Adet(7r+)a
AK°K™) = Apoa(DF) — A(K®) + Ager(KT)

® Measurement is performed with two methods:
Acp(K'K*Y) = A(K K") - A(K 7))+ A(K 7'n%) - - A(K")
Acp(K K = A(K KY) - A(K 7))+ A(on") - ~- A(KY)
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Intriguing two-body D° decays

Measurement of CPV in D’ - K K*
LHCb-PAPER-2022-024 in preparation
® The resulting values for both methods:

Acp(KYK™)=(13.6+8.8+1.6) x107*

Acp(KYK™) = (2.846.7+2.0)x 1074
with a correlation corresponding to 0.06.

* The time-integrated CP asymmetry (averaged):
Acp(K*K™)=[6.8+5.4+1.6]x107*

® The time-integrated CP asymmetry is a sum of a direct and indirect
components:

Acp(f)madcl};+uAY AY = —zsing +ycos ¢ ain,
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Intriguing two-body D° decays

Breaking news!
LHCb-PAPER-2022-024 in preparation

T T
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® The deviation from zero corresponds to 3.8 0!
® The first evidence of direct CPV in single charm decay!

e Agreement with the hypothesis of U-spin symmetry
(i.e. quark s - quark d symmetry) - 2.7 0
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CPV searches in charm baryons

e So far, CPV has not been observed in any baryon decays.

® Searches are conducted in =7 — pK 7" decays.
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® First search [Eur. Phys. J. C80 (2020) 986]:

* Data collected in Run 1, \/s=7 and 8 TeV, L=3fb"",
®* Two methods are used:

e binned Scp [Phys. Rev. D 80, 096006]

* unbinned kNN [J. Am. Stat. Assoc. 81, 799 (1986)]

® Results are consisted with CP symmetry.
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https://epjc.epj.org/articles/epjc/abs/2020/10/10052_2020_Article_8365/10052_2020_Article_8365.html
https://arxiv.org/abs/0905.4233
https://www.tandfonline.com/doi/abs/10.1080/01621459.1986.10478337

CP violation searches in charm baryons

The other approach: Energy test
Defined as the analogue of the potential energy of the field of charges.

(@) - @) - £ DK .3

(z-a')? )
20
ET can be estlmated without the need for any knowledge about the fpor fa

ZK(I% T+ ZK(I - 2)) - ZZK(IZEz )

1,7>1 1) 1,J>1 1=17=1

K(Z,%") = exp(-

= n(
Distribution for Hy : f, = fo is unknown - how to find p-value?
e T for overall samples - nominal T.

® Set of T calculated for samples with random sign - permuted T.

number of permuted T values grater than nominal T'
p - value =

total number of permuted T values
ET in LHCb: Phys. Lett. B740 (2015) 158, Phys. Lett. B769 (2017) 345,
Phys. Rev. D102 (2020), 051101 , but only in mesons.
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https://www.sciencedirect.com/science/article/pii/S0370269314008454
https://arxiv.org/abs/1612.03207
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.051101

CP violation searches in charm baryons

New approach: Kernel Density Estimation
a non parametric way to estimate the pdf of a random variable.
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Effect of various bandwidth values

Data Kernel Density Estimate The larger the bandwidth, the smoather the becomes
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Never used for CPV searches: Szumlak T., Performance of the LHCb Vertex
locator and the measurement of the forward-backward asymmetry in
BY - K*°(892)u* i~ decay channel as a probe of New Physics, Krakow (2013)
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Conclusions

Conclusions

The searches for CPV in the charm sector have been intensified.
The difference between CP asymmetries in D° - K™ K* /7" n":
AAcp = (-15.4+2.9) x 107
® New measurements of CPV:
adl o = (7.7+£5.7)x 107
adir = (23.2+6.1)x107*

[

® The CP asymmetry is different from zero at 3.8c level!
® The first evidence of direct CPV in single charm decay!

Searches for CPV in charmed baryons are continuing...(Run 3 ...)
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Conclusions

Raw asymmetries and kinematic weighting

® The raw asymmetries are calculated from the least-square fit to mass
distributions of the selected mesons,

e The decays channels must have the same kinematic distributions to
cancel nuisance asymmetries,

° Adet(KO) is estimated using the material map of LHCb, the mixing
and scattering amplitudes of the neutral kaon system and validated on
downstream D* — K%z,

D¥ = Kdmb " DY = Koatmf [0 DY — Koat [ DY — KoK* |°

Abtind [10~4] Abtind [10~4) Abtind [10~4) APlind [104]
15 Dw 344 £445 =259 £ 11.5 -96.0 £ 14.3 373+ 123
16 Dw 71.1 £203 ST8+42 -128.6 £ 6.3 49+£52
17 Dw 482 +20.3 -6.5 £ 4.0 -116.6 = 5.8 -9.5£52
18 Dw 60.2 £ 19.8 =225 439 SLTT £ 5.7 -l1£51
15 Up -6.1 £54.1 -924 £ 155 -299.0 £ 18.0 -155.1 £ 15.5
16 Up -39.2 2211 -81.7 £ 438 -287.4 £ 83 -166.2 £ 5.7
17 Up -37.3+£203 -99.3 £ 4.2 -308.9 £ 5.9 -167.1£53
18 Up -31.0 £ 19.1 -792 £ 338 -294.8 £ 5.5 -173.2 £49
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