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Charm baryons and search for CP violation

« Complementary to charm mesons in exploring heavy-flavour dynamics

« CP violation has not yet been observed, despite discoveries in other
hadrons

* Provide a unique laboratory to study the interplay of weak and strong
inferactions

« Offer sensitivity to new physics through CP violation, rare decays and
lifetime measurements

rare decays

hadronic decays
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CKM suppression and
mechanism extremely suppress the branching fractions and CP
asymmetries.

* Their spectroscopy gives insights into QCD in the non-perturbative

, regime



Charm physics program at LHCb

Large cc production cross section
~2.8 mb@13 TeV (~1M perseconds)
Billions of D® - K¥* decays
reconstructed with the full LHCb
data sample

Millions of Af produced, allowing to  FEs
perform rare decays measurements g

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 AAqp = (—15.4+2.9) x 10~* [Phys. Rev. Lett. 122 (2019) 211803]

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

Charmed baryon measurement can reach per-mille level with Run 3



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

Charm physics program at Belle |

Large eTe™ — c¢ cross-section provides
low-background event samples

1.3M cc events per 1 fb!, allrecorded to
tape (~100% trigger efficiency uniform
across decay time and kinematics)

Rich program of charm physics

» Excellent reconstruction of final states with
neutrals: e.g., D° » %, D* - n*n®, DO —» B e
p%,... to complement LHCb physics g ' i " EK - Tukuba
program with charged hadrons Py T

Unigue access to final states with

invisible particles: e.g., di-neutrino final 1y [ R LIRS P13 M
STOTeS 15.0--‘:-"}Zc;:‘,::j:rvré:i:;ls:ﬂ,v-[‘fbﬁl, /—/ 500
Novel charm flavour tagging s 575 flot |

(CFT) [PRD 107 (2023) 112010] >
double the sample wrt D**-tagged

Recent new result on charmed baryons

Total integrated Weekly luminosity [fb~!]



https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi3gprSv-iCAxWWzTgGHUazAiIQFnoECAwQAQ&url=https%3A%2F%2Flink.aps.org%2Fdoi%2F10.1103%2FPhysRevD.107.112010&usg=AOvVaw22AmGXajgTX2mYjWQnCFiR&opi=89978449

Latest resulis from Belle i

Search for CP violation in f - X*h*h™ and Af - ph*h™ at Belle |l
(paper in preparation)



CP violationin £f - X*h*h~ and AY - ph*h~

The “raw asymmetry”, measured from a fit to the charged baryons invariant

mass , consists of additional nuisance asymmetries together with Aqp

NOXE = f) =N 2 F) e el

NXF 5 I NK 5 ) Acp(XZ = f7) + Ap(XT) + Aa(f7)
production

An(XS = 1)

The production asymmetry (odd in cosf.y,) Is removed by averaging Araw
of forward (cosbf.; > 0) and backward (cosf.y < 0) decays

An(cosf > 0) + An(cosf < 0)

2
the detection asymmertry is removed using Cabibbo-Favoured control
channels that provide high yields and negligible CPV, after kinematic
reweighing to ensure an optimal cancellation

A=

Acp(BF — SHhhT) = Al(ES ﬁ@m — AN = E )
Acp(AF = phth™) = AL(A} @ hT) — Al(AF —>) ~ AD’ - @K ontn)



=5 —» X*h*h™ and control sample signal yeilds

Decay mode Yield Forward Ay Backward Ay Ay
EF = VTKTK- 0.78 £0.05 13.0£9.2 10.5+£9.2 11.7£6.5
A= VTKTK- 99+£0.1 109+£15 534+ 1.6 8.14+1.1
Ef o XYtrtro 0.62£0.04 17.0£10.0 9.7£89 13.3£6.8
Af = Yot~ 23.4+£0.2 7.4+£1.0 0.2£1.0 3.8£0.8
A = pKtK~ 13.6 +£0.2 9.3+2.2 55+24 T4+1.7
T/lj — prt K~ 955.0 £ 1.3 5.6 40.2 1.6 £0.2 3.6+0.1
DV 5 ot K-rfn™ 9280+ 1.4 1.6 £0.2 —1.5£0.2 0.1£0.2
Af — prta~ 405 £0.4 58+ 1.3 1.5£14 3.6%+0.9
AF - prt K- 410.3 £ 0.7 544+0.3 1.5£0.3 3.440.2
DY 5ot K—ntr™ 9252414 1.6 £0.2 —1.3+£0.2 0.14+0.2
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Control samples:

At o SthR
AL > pKnt
DO 5> nt*Kmtm™

Selection criteria optimized
to maximise the

VS+B
Weighting procedure

adopted to equalise the
kinematics 2 p and cos 8 of
the proton/kaon sufficient
to equalise also the =+ and
rt distributions

(paperin preparation)
[ £dt = 42871



CP violation and U-spin sum rule results in baryons

CP asymmetries measured for the
first fime by Belle Il in SCS three- Systematic sources
body charm baryon decays

Table 2: Uncertainties in Agp (in %).

Acp(EF = STKYK™) = (3.7 £ 6.6 £ 0.6)%, Source = Af
Acp(EY = Xtntr7) = (9.54+ 6.8+ 0.5)%, LTRTRT Armram pKTKT prtmm

+ + =\ Fit model 0.4 0.4 04 0.1
Acp(A; = pKTK™) = 39+ 1.7£0.7)%, Weighting 0.1 0.2 0.3 0.1
Acp(AF — prfn) = (0.3 4+ 1.0+ 0.2)%, Residual A, 0.2 0.1 0.1 0.1
Aa(h*h™) 0.4 0.2 0.4 0.1
Statistical uncertainties of 1-7% Total systematic 0.6 05 0T 02
Statistical 6.6 6.8 1.7 1.0

— large room for improvement,
given the smaller systematic
uncertainties

The U-spin sums are consistent with U-spin symmetry at 7% precision

Acp(Ef = X n n™) + Acp(AT - pKTK™) = (13.4+7.0+0.9)%,
Acp(Ef - XTKTK™) + Acp(AF —» prtn™) =( 40+6.6+0.7)%,
(paperin preparation)
[ £dt = 42871



Results from LHCb

« Search for CP violation and angular asymmetries with At — pu*u~ (Phys.
Rev.D 111 (2025) LO21102) - recent results

« Search for CP violation in Ef -» pK~nt decays using model-independent
technigues (Eur. Phys. J. C 80 (2020) 986)

« A measurement of the CP asymmetry difference in A - pK~K* and A} —
pr~nt decays (JHEP 03 (2018) 182)



http://dx.doi.org/10.1103/PhysRevD.111.L091102
http://dx.doi.org/10.1103/PhysRevD.111.L091102
http://dx.doi.org/10.1140/epjc/s10052-020-8365-0
http://dx.doi.org/10.1007/JHEP03(2018)182

CP violation with AT - pu*u~

Phys. Rev. D 111 (2025) L091102

« Study the resonant and non-resonant dimuon regions with LHCb Run 2
(5.4 fb—-1).
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http://dx.doi.org/10.1103/PhysRevD.111.L091102
http://dx.doi.org/10.1103/PhysRevD.111.L091102
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CP violation with AT - pu*u~

Phys. Rev. D 111 (2025) L091102

The “YRaw asymmetry” gives access to the CP violation observable if

addifional asymmetries are measured
detection

= Acp + Ap (Aél_) + Ap (p) + (AD (,u"',u_) = U)
production

a confrol sample of A, — pK?J is used to estimate the nuisance asymmetries

N (AF) — N (A7)

Araw — _
TN (AD) + N (A7)

The Forward-Backward asymmetry is also an interesting probe for New
Physics

A ~ N (cos@ >0)— N(cosf < 0) ‘ » A .
B N (cos® > 0) + N (cosé < 0) y

and interesting combination related to CP violation

A = (Afs + Al ) Aes = (Al — A5 )


http://dx.doi.org/10.1103/PhysRevD.111.L091102
http://dx.doi.org/10.1103/PhysRevD.111.L091102

CP violation with AT - pu*u~

Phys. Rev. D 111 (2025) L091102

Final results
“ F IR ]
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12


http://dx.doi.org/10.1103/PhysRevD.111.L091102
http://dx.doi.org/10.1103/PhysRevD.111.L091102

Model-independent amplitude analysis of Ef - pK~ 7" decay

2F - pK~nt > singly-Cabibbo-suppressed decay = possible observation of CPV
AL -» pK~nt> Cabibbo-favoured decay - CPV highly suppressed
Eur. Phys. J. C 80 (2020) 986

The Scp method consists of a bin-by-bin comparison between the Dalitz
plots of positive and negative baryons

i i
n, —oan_

Scp = —,
Jaml +nl)

St, is Gaussian distributed if there is not CP violation

o = n,,n; are the number of
- reconstructed baryons
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Control sample: expect no CP violation - R
No CP violation observed


http://dx.doi.org/10.1140/epjc/s10052-020-8365-0
http://dx.doi.org/10.1140/epjc/s10052-020-8365-0

CP violation with AL - pK"K* and A} » pn~n™

Decay reconstructed from AF cominig fom A9

- Atu~X

"Raw asymmetries” give access to CP violation, but to cancel the nuisance
parameters, it is necessary to build the following olbservables

AAE

AFEW(f)

Acp(f)+A

= Acp(PK™K™) —

A (pr— 7)) = Aaw(pPK~K™) —

Araw —

N(fu~) —

N(Fu)

N(fu=)+ N(fut)

detection

production

() + A (1) + AB(F)

detection
Awgt(pﬂ'_ ﬂ.-|-)

raw

The relation is valid if the kinematics and topolgy of KK and nr modes
match - weighting technique to ensure the matching
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Data analysis based

Run 1, 3 fb! on Run 1 > Run 2
Total yields: analysis is ongoing
~25K pK~K* with At promptly
~187k pn~n™  produce with about

35 fimes more statfistics

JHEP 03 (2018) 182



http://dx.doi.org/10.1007/JHEP03(2018)182
http://dx.doi.org/10.1007/JHEP03(2018)182

CP violation with AL - pK"K* and A} » pn~n™

Araw(pK~K') = (3.72+£ 0.78)%

JHEPO3 (2018) 182

—— Weighted average
¢ Data

A8 (pr~t) = (3.42 £ 0.47)% 84 LHCb
61
AAGE =(0.30+£091+061)% & 4/ |
I
37
01

Results consistent with no CP violation
Expected improvement in precision

with Run 2 data — 0.15% 7{Tjev
p
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7TeV 8TeV 8 TeV
Down Up Down

JHEP 03 (2018) 182



http://dx.doi.org/10.1007/JHEP03(2018)182
http://dx.doi.org/10.1007/JHEP03(2018)182

Conclusions

16

LHCb and Belle Il explore charmed baryons to probe CP violation
and provide key inputs for New Physics searches

Results on charmed baryons have been presented, showing no
evidence of CP violation at the current experimental precision

Recent LHCb - first measurement of CP violation with the rare

At - ph™h* decay

Recent Belle Il = first measurement of CP violation singly-Cabibbo-
suppressed three-body charm baryon decays

LHCb - Run 3 data still to be analysed. More statistics available
per fbo~1 without the LO trigger (if compared with Run 2)

Belle I > More data to come with Run 2 restart in November



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16

