Charmed baryons at LHCb

XIV International conference on beauty, charm and hyperon hadrons
Jakub Ryzka on behalf of the LHCb collaboration
AGH, University of Science and Technology

10th June 2022

Il

AGH

AGH UNIVERSITY OF SCIENCE
AND TECHNOLOGY

10th June 2022 Charmed baryons at LHCb




Outline

Introduction
o Why are we interested in (charmed) baryons?

CP violation in charmed baryons
o Difference between A} — pK~ K™ and pr~ 7" decays
e In =F decays using binned and unbinned methods

Decays and properties of charmed baryons
The lifetimes of 29 and 59

Excited 20 in 2, — XK~ decays

Doubly charmed Z+ — Z 7t states

Doubly charmed =% in Efn~ 7™

Summary

Jakub Ryzka 10th June 2022 Charmed baryons at LHCb




Why are we interested in c-baryons?

* The SM does not fully explain matter-antimatter asymmetry,
* Violation of CP symmetry is one of the conditions for baryogenesis,
* So far, CP violation is not observed in ANY baryon decays,

* In charm sector, CP violation is predicted to be ~ 1073 or less,
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* Searches for CP violation can be interpreted as searches for
effects beyond the SM.
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Why are we interested in c-baryons?

* Charmed baryons properties are used to test the Standard Model
(lifetimes, branching ratios),

* Observations of new baryons (i. e. exotic) are additional tests.

* Mixing and indirect CPV in charm mesons at LHCb, Edward’s talk,
* Direct CPV in charm mesons at LHCb, Artur’s talk,
® Today: Charmed baryons.
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CP asymmetry difference between
AT — pK~ K™ and pr~ 7" decays

JHEPO03 (2018) 182
* /s=7and 8 TeV, 2011 & 2012, Lj,; =3 b1,
* The A candidates reconstructed from A9 — AFp~ X decay.

I'(f) - I'() _ N(fp™) — N(fu")
L)+ () ™ N(fu-)+ N(fut)

Acp =

0
Aaw(f) = Ace(F) + A" (Fu) + A (1) + Ab(f)
* Kinematics of the pK=K™ and pr~7™ are not equal - latter data
are weighted.

AAYE = Acp(pK™KT) — A (pr7") = Aw(pK~K™T) — A%t (pr— 1)

raw
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CP asymmetry difference between
AT — pK~ K™ and pr~ 7" decays

JHEPO03 (2018) 182

3000 LHCb + Dan 80001 1 gy 4 Daw
':': 2500 = Total fit ':': == Total fit
% -——- Signal % 6000 --=- Signal
% 2000 - Background % """" Background
= 1500 < 4000
= 1000 ]
£ £ 2000
Y500 ~ v J \
/ \ / \\
075540 2260 2280 3300 3320 2340 075540 2266 3380 3300 3320 2340
m(pK~K*) [MeV/c?] mipr~a™) [MeV/c?]
V5 Polarity Int. lumi. [ph~!] pK~—K* yield pr—z* yield
7TeV Up 42247 2880 £+ 70 18450 £ 190
7TeV  Down 563+ 9 3940 £+ 80 25130 £ 230
8TeV Up 1000 £ 11 9040 +120 57730 £ 350
8TeV  Down 992 +11 9330 +120 60080+ 360

Total yields: ~ 25k (pK~K™), ~ 187k (pr~7") candidates




CP asymmetry difference between
AT — pK~ K™ and pr~ 7" decays

Araw(pK~KT) = (3.724+0.78)% JHEPO3 (2018) 182
Alg%\f(pﬂ_ﬂ—’—) = (342 + 047)% 81 LHCb —— Weighted average
¢ Data
t
AALE =(0.30+0.91+0.61)% 6
S
* The first measurement of EN ,
the CP violation parameter 3
in A7 decays, 0
* Central value is measured to -2
be consistent with zero. 7Tev.  7TeV ~ 8TeV  8TeV
Up Down Up Down
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The first CPV search in =7 — pK 7™

Scp

The significance of a difference between

number of the particles and antiparticles: charm : anticharm
Sep = M ol [
(N + N©)
=N /N S T
X?/ndf =3, Skp/(nbins — 1)
No CPV: Scp ~ N(0,1) - * .

CPV: p-value « 1 (50 ~6-1077)
Phys. Rev. D 80, 096006




The first CPV search in =7 — pK~n*
- Scp method

29 uniform bins

S we L e 1 Eur. Phys. J. C80 (2020) 986
= ° ‘ ] = /s=7TeV and 8 TeV,

¢ — # 2r ]| l H ] Lint =3 b1

C “ u [
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The first CPV search in =7 — pK 7™

* The unbinned methods can
be more sensitive than the
binned ones,

* To increase sensitivity the
method is performed in
regions.

Eur. Phys. J. C80 (2020) 986
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k-nearest neighbours
The kNN tests whether baryons and
antibaryons share the same parent
distribution function

ny+n_ ng

T:nkn++n ;ZI

Under the null hypothesis T ~ N(ut,07)

_ng(ny —1)+n_(n_—1)

=
K n(n—1)
. 1 /nin_ n%n?
lim o2 =— +2 +4 +4
n,ni,D—o0 nng n n

J. Am. Stat. Assoc. 81, 799 (1986)
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The first CPV search in =7 — pK~n*
- kNN method

production Eur. Phys J. C80 (2020) 986

Asymmetry normalifﬂsn .
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be continued...).
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The next CPV search in =7 — pK™ 7™

* The other model independent methods:

- Energy test (LHCb: Phys. Lett. B740 (2015) 158, Phys. Lett. B769
(2017) 345, Phys. Rev. D102 (2020), 051101)

n n n m
T K(I% — % ! K% — %] K(I%: — =/
7m (|X:*XJ|)+m (I%; *Xj\)* (\X:*Xj\)
ihj>i ihj>i =1 j=1

 Kernel Density Estimation (never used in CPV searches,
Szumlak T., Performance of the LHCb Vertex locator and the measurement of the forward-backward
asymmetry in B§ — K*0(892)uT 11 decay channel as a probe of New Physics”, Krakow (2013))
a non parametric way to estimate the pdf of a random
variable.

= We look forward for data in Run 3.
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The lifetimes of 22 and =Y

Sci. Bull. 67 (2022) 479
= /s=13TeV, Lint = 5.4 b1,
= The 22 and =9 baryons are produced directly from pp interactions
and reconstructed in the pK~ K~ 7T final state.
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Excited 22 in 2, — EFK "7~ decays

Phys. Rev. D 104 L091102 (2021)
* /s=7,8and 13 TeV, Ljpy =9 /b1,

* The first observation of the F LHCb +Daa 1
20—~ — Total fit -

p— — — — - —1
'Qb — .:;'—K ™ decay, Z 9 fb Background
=
* Four excited 2 baryons are 3
observed with the significance of g
each exceeding five standard 2
deviations.
0 20 40 60 80 100 120 140 160 180 200 220
m(Q,) =6044.3 +1.2+1.17919 MeV MEK) = me. =y MeV]
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~— /_’/
Doubly charmed =" — Z 7" decay

JHEP 2205 (2022) 038
= /s=13TeV, Lint = 5.4 b1,
B(‘—'CC — = = + +) B NEL+ €=+

= X —— =1.41+0.17+£0.10
B(':'cc — Zc 7T+) NECJr €gl+

* The first observation of Z}1 " — ATK~ 77" in 2017,
= Z3 properties: lifetime (2018), mass (2020), cross-section (2020),

* New decay mode of the doubly charmed baryon S+ — = f7t.
'3300- ' j " tHCh ] =¥ paa " tHCh |
5417 500 —— Total PDF 541! 4
S 250F siosin : st

TOS sample

“TIS sample

Candidates / (10 MeV/c?)

P i A Eiia
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M(Z 1) (MeV/e2) MET") MeV/e?)
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Doubly charmed =7 in Zfn 7™

JHEP 12 2021, 107

. _ o -1 : .
Vs =13 TeV, Line = 5.4 fb2, :
= The test statistics g+ was used, 5 4°
* p-value of 0.0108 (0.0024) at ki N
mass of 3617 (3452) MeV//c? o f v 3°
corresponding to 2.3 0 (2.8 0) 0 I D o 1
. ege . . 107 = — Combined LHCb 3
- NO S'gnlflcant SIgnaI IS 3400 35‘00 3()‘00 37‘00 3800
observed yet m(Eee) IMeV/e?]
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Summary

* The first measurement of a CPV parameter in A, decays:
AAZE = (0.30 £ 0.91 £ 0.61)%

= The first CPV search =% — pK~ 7" consistent with CP symmetry
* The measurement of 29 and =0 lifetimes:

Too = 2745+ 12.4fs, 750 =152.0+20fs
* The first observation of the 2, — = K~ 7~ decay and precise
measurement of the {2,” mass:

m(£2,) = 6044.3 £ 1.2 + 1.17533 MeV/
*= Four excited £22 baryons were observed with significance > 50,
* New decay mode of doubly charmed baryon Zit — = tzt,

B(Z. — EZ.tnt)

B(Ecc = Ednt)

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

=1.41+0.17+0.10
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Back-up



Energy test

Defined as the analogue of the potential energy of the field of charges
1 - - - - o o oo
=5 | [~ ERNER) - AKX dsdx

(X- )?’)2)
20
ET can be estimated without the need for any knowledge about the f, or f;:

T=——""—— n—1 ZK X —Xi|)+ ZK|X—X ZZK

iJj>i ij>i i=1 j=1

K()?7 21) = eXp(_

Distribution for Hy : f, = f; is unknown - how to find p-value p?
* T for overall samples - nominal T.

= Set of T calculated for samples with random sign - permuted T

number of permuted 7" values greater than nominal T

p=

total number of permuted T values
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Kernel Density Estimation technique

KDE is a non parametric way to estimate the pdf
of a random variable.

. 1<

f(x) = - ;w(x — X, h)
* w=+K(%) - weighting function
K - kernel, K(£) = (1 —[t|/h), [t| < h
* h - bandwidth parameter

w pi o kKSNTO2 &
ot = iy k =1.06, S - std of the

sample, N - sample size
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Commonly used kernels

—— Uniform
1of — Trangle
— Epanechnikoy
~— Quartic
| — Triweight
08 Gaussian

Cosine
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Effect of various bandwidth values
The larger the bandwidth, the smoather the becomes
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