Measurement of A}, AT and A decay parameters
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« Heavy flavor physics
> Test standard model (QCD, electroweak)
> Indirectly probe new physics

« Rich study on beauty and charm baryons

» Spectroscopy
> Lifetime

» CP violation

» Radiative decay
%
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CPV in baryon system

An excellent platform for understanding of the baryon decay LHC searches for CPV involving..
dynamics and the matter-antimatter asymmetry

Only a few CP violation searches performed using baryons

Many results from different experiments recently

Baryons

> LHCDb, Belle, BES, BaBar, ... [ChinJ.Phys. 78 (2022) 324-362]

AT ruPy-oa2h

The parity of the A is defined to be positive (as are the parities of the proton, neutron, and A). The quark content
is ude. Results of an analysis of pK~ 7+ decays (JEZABEK 1992) are consistent with J = 1/2. ABLIKIM 2021N
determines the A7 spin to be J = 1/2, from an angular analysis of various 2-body A" decays in e+ e~ — A} 4,

E y g . fo r C h a r‘ m b a ryo n S . We have omitted some results that have been superseded by later experiments. The omitted results may be

found in earlier editions.

» Only access to mixing and CPV involving up-type quark

» Expand all sections

A} MASS 2286.46 + 0.14 MeV 7

» Searches are performed all in AZ decays 7 e e (20260010 x 101

» A} DECAY PARAMETERS

3 & 4 o FOR A — K,(1430)° 0.34+0.14 v

» Precisions in range 0(1~10 %), not enough to reach 0(0.1%) SM T
. (a+a)/(a—a&)in Af — Ax*, A, — An~ 0.020 + 0.016 v
expectations fos 8o~ &l n 45 2ox%, T, > Ta- v
(a+a)/(a—a)in Af — Ae' u:,iz: ~>7Ze Ve 0.00 £ 0.04 v
» Typically probe decay asymmetry parameters « and « = e ¥
Acp(AX)in A, — AX, A, — AX 0.02 £ 0.07 v
Acp(AKY)in A, — AKY, A, — AK~ 0.021 + 0.026 v
Acp(S°K")in A, — SOK+, A, —» 5 K- 0.03 £ 0.05 v

AAcp=Acpl AT — pKTK™) — Acpl AF — prtn) 0.003 4 0.011
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LHCb detector

A single-arm forward spectrometer covering the pseudorapidity range 2 <n < 5

By design: study CP-violating processes and rare b- and c-hadrons decays

Vertex Locator Tracking stations RICHs ‘Muon system
op~20 pum €tracking~96% e(K - K) ~95% (U w)~97%
0,;~45 fs 0,/P~0.5% — 1% (5 — 200 GeV) mis—ID e(mr —» K) ~ 5% mis—ID e(mr - u) ~1—3%
/ " \\
/ y gear, HEAL va M5 \ \

[1JMPA 30 (2015) 1530022]
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Motivation
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+ +
» Decay parameters can be defined for% - % 0~ decays, by s and p waves
M~yp3 (s +pd -y,

2R(s*p 25 (s*p s|? — |p|?
(5"P) = (5°P) sl —lp with o + B2 + 9% = 1

’ — y Y = ’
5|2 + |p|? 5|2 + |p|? 5|2 + [p|?

o =

 Proposed by Lee and Yang to search for parity violation in hyperon decays

N
Zv. e d
\\“‘\ !‘Y
-a-P,cos6 e
A
o
X’
dr’
o<1+ aP, cos e
dcosB

Chen Ning Yang Tsung-Dao Lee

(Oc + P, cos 9) Fa BE X Ry

P =2 J
» 1+aP, cos® [Phys. Rev. 108 (1957) 1645]

[Int.J.Mod.Phys.A 37 (2022) 27, 2250169] 4
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* Probe parity (P) and charge conjugation parity (CP) violation

a#0 ——— Pyviolation g z :,CB—E ——— CP violation
« CP violation quantified by

o+ «

Aa — o _l— P = — tan A(S tan A¢ S = |S|ei553i¢s, S = —|S|ei553_i¢s

o) 1t [ [ S i6,,—i¢

B+7 p = Iple’rei®e, p=|ple*retPr

Rs = = tan A

P~ a—a ¢

8_3 AS = 8 — &,

R’ﬁz — = tan AJd Ap = ps — Pp
a— O

« At leading order, related to strong phase difference A5 and weak phase

difference A¢ between s and p waves [PRD 34 (1986) 833]




Status of decay parameter measurements Derr

* No result for bottom-baryon decay

1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
A:%Zﬂ-n‘ ——
 For charm-baryon decays, R
» Precisely measured a parameters Py
» Limited precision of B,y A3k » BESII
. = Belle
A=t
B(AL ~ Am) = ~0.0610307043 e
YAz = Am™) = —0.60255s" o3 e - [PRD 100 (2019) 072004]
R a0 2 008 AmArt ., [Sci. Bull. 68 (2023) 583]
+ 0
B(EF > E°K+) = —0.64 + 0.69 Ac=pKs
y(Eg- ﬁ EOK+) N _0.77 i 0.58 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
[PRL 132 (2024) 031801] -1 -0.5 0 0.5 1

*a(A - pr™) has a great change after the recent BESIII and CLAS results

[Nature Phys. 15 (2019) 631]

0.642 + 0.013 — 0.747 + 0.009 [PRL 129 (2022) 131801]

[PRL 123 (2019) 182301]




Analysis overview
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« 9 fb-1 pp collision samples collected by the
LHCb experiment

« Decay channels
P NS Y A = K )
> Followed by
Af>AhRt (h=nmK)withA->pn~,
and At - pK? with K » ntrn~
« Decay parameters extracted from angular
distributions

* Inclusion of charge-conjugate processes,
unless stated

AL

AL

AO
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Angular fit

» Joint unbinned maximum-likelihood fit of five channels Z8000F wcvoon ° S s00 :

. . L : : %6000:— &E‘C‘TPKSM 8 % : 0 -

- Eight independent fit parameters, without external input & 1 7 .. S ook siaicamm |
4000__ —+ Data(x10) r _ Fit

I —Fit (x10)

« sFit method for background subtraction 500}

++

[ AV>AN(SAKHT- + Data(x10)
[Nucl. Instrum. Meth. A555 (2005) 356] ] - —Fit (x10)
PR I SR TR TN TR NN TR TR TR TR [ T T S PR SR TR SN NN TR TR TN T [N TN TN TR T NN S S S
-1 -05 0 0.5 < 9)1 0—1 -05 0 0.5 < 0)1
n coso cos®,
A rest frame (o0 Ac rest frame
hi (K$) " S S 2000
0 < LHCb,9.0 fb~! A= A= AT ] [ 0, A* Yl
hi (Ks) <2000 Y 1 E + Af:];l;t(aemr ]
--------------------------------- 3 — it 1 21500F —Fit -
L r A= A(—AK Y] o
A (p) 5 1500F -i—Data(XlO) =
—Fit (x10) 2
_FT'; 1000 Al AN (> AK YT
>~ C ~+ Data(x10)
500: —Fit (x10) _
[ LHCb,90 fb*
L b L. - ] I
0—1 -0.5 0 0.5 1 0 -2 2
(cos),) (9, Irad]

A9 polarization assumed to be 0 based
on previous measurements at the LHC

o

Lab frame

[Phys. Lett. B724 (2013) 27]
[Phys. Rev. D89 (2014) 092009]
[Phys. Rev. D97 (2018) 072010]

A rest frame




CP measurement NEAR

» Fit to A} and A} samples simultaneously

« Using CP-related parameters as fit parameters

<Oé>:—(Oé—O{), Aa: _7R5: _7R5: _
2 a— QO a—Q a— Q
 No significant CP violation found
~100F————————F———7—— 100071
el 3 ] e 3
= 900} t { & oo +
w 800% " 800%—
S 700¢ S 700 F
~ 600¢ ~ 600
2 500 2 500
= 400¢ LHCb, 9.0 b { = 400¢ LHCb, 9.0 fb~"
300 _ Ay AL, Al ATt _ 300 _ XZ—)AQ:*, A —>AT :
200 ‘ —4+— Background-subtracted data ‘ 200 ‘ —+— Background-subtracted data ‘
100 — Fit . 100 £ —fit :
ob— v - N ob— 1

) 0 > ) 0 21"
¢2 [rad] ¢2 [rad] 9



Results of AY decays

* First measurement
a~-1C=> V- Anature of the weak current and maximal parity violation

Decay A) — Afx A) — ATK~
o —1.010 £ 0.011 = 0.003 —0.933 4 0.042 - 0.014
o 0.996 = 0.011 = 0.003 0.995 = 0.036 = 0.013

() —1.003 £ 0.008 +0.005 —0.964 4+ 0.028 £+ 0.015
Ao 0.007 £ 0.008 = 0.005 —0.032 &= 0.029 & 0.006

« Various model calculations predict @ & —1  Phys Rev. D105 (2022) 073005)

Mode This work  [88] [13]* [86,871* [89] [16] [78] [80]"  [79] 82]
a(Ap=Am) =992 =100 =99 -9 .-~ —99.9 ~99.8 ~99.9 ~99.99*470 —100.0£0.0
a(Ay=AK) =982 o o 2100 =100 =99.9 —99.97+392 ~100.0£0.0

10




Results of AY decays AR SO

* The mOSt preCISe measurement BESIII: [Phys. Rev. D100 (2019) 072004]
. 3 . Belle : [Sci. Bull. 68 (2023) 583]
- Benefit from the large At polarization from A} decay

Decay A — Ax™ AT — AKT AT — pK{
o —0.782 4+ 0.009 £0.004 —0.569 £ 0.059 +0.028 —0.744 £+ 0.012 4= 0.009
) 0.787 = 0.009 £ 0.003 0.464 = 0.058 = 0.017 0.765 = 0.012 £ 0.007
()  —0.785+0.006 +0.003 —0.516 +0.041 £0.021 —0.754 + 0.008 + 0.006

Aq —0.003 = 0.008 =+ 0.002 0.102 & 0.080 = 0.023 —0.014 =0.011 £ 0.008

o —0.784 + 0.008 + 0.006 (Belle) —0.556 + 0.071 & 0.028 (Belle)  —0.18 & 0.43 &= 0.14 (BESII)
[Chin.J.Phys. 78 (2022) 324-362]
* Theoretical predictions complicated due to nonfactorizable contributions

Decay Korner Xu Cheng Ivanov  Zenczykowski Sharma Zou Geng Experiment (PDG)
A = Arxt -0.70 -0.67 -0.99 -0.95 -0.95 —0.99 —0.99 -0.93 -0.87+£0.10 —0.84+£0.09
AF = pKO -1.0 051 -090 -049 -0.97 —0.66 -0.99 —0.75 —O.89f8:%(13 02£0.5

11



Results of A* decays (cont.) AR SO

« Strong and weak phase

* B, Yy parameters :
differences between s and

Decay AT — Ax™ AT — AKT
0.368£0.019+£0.008  0.35+0.12+ 0.04 p Waves
—0.387 £0.018£0.010  —0.32+£0.11 4+ 0.03 B+ P
0.502 £ 0.016 = 0.006 —0.743 & 0.067 & 0.024 Rp =
0.480 + 0.016 + 0.007  —0.828 + 0.049 + 0.013
0.633£0.036 £0.013  2.70+£0.17£0.04 Ry=""2 _tanAs
—0.678 +0.035 + 0.013  —2.78 £ 0.13 & 0.03
R;  0.012+0.017£0.005 —0.04£0.15%0.02 — -
R, —048140.019+0.009 —0.65+0.17 +0.07 DZC(Z‘Y fe DA B AR

Ad 2.693 =0.017 2.57£0.19

= tan A¢

= O
™I QI

D D= 2 ™

Q
Q

« Serve as essential inputs for some theoretical models

Analysis of hadronic weak decays of charmed baryons

> TO p O I O g i Ca I d ia g ra m S in the topological diagrammatic approach

Huiling Zhong and Fanrong Xu '

[ P R D 1 O 9 ( 2 O 2 4) 1 1 40 2 7] Department of Physics, College of Physics and Optoelectronic Engineering, Jinan University,

Guangzhou 510632, People’s Republic of China

Hai-Yang Cheng
Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China

® (Received 18 April 2024; accepted 20 May 2024; published 17 June 2024)

We perform a global fit to the experimental data of two-body charmed baryon decays based on the
topological diagrammatic approach (TDA) and take into account the phase shifts between S- and P-wave
amplitudes as inspired by the recent BESIII measurement of the decay asymmetry in the decay
A} — E°K+. The TDA has the advantage that it is more intuitive, graphic, and easier to implement

12




Results of A decay

 Independent measurement, consistent with BESIII results

Decay Our result PDG 2024 Dominated by BESIII results
o) 0.717 £ 0.017 £0.009 0.747 4+ 0.009
a —0.748 £0.016 £ 0.007 —0.757 £ 0.004
o

() 0.733 = 0.012 £ 0.006 -
A, —0.022 £0.016 £ 0.007 —0.001 £ 0.004

« Comparison between baryon decays with different flavors

Decay 0% Comments

AY — ATmr~ —1.010 & 0.011 + 0.003 Fully left-handed
AT — Ar~  —0.782 £ 0.009 £ 0.004 Nearly left-handed
A— pr™ 0.717 £ 0.017 £ 0.009 Not left-handed

13
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Summary AR SO

» The decay parameters and their CP asymmetries of A}, A¥ and A decays are
measured
> First measurement of decay parameters of AY - Ath~

» Precise measurements of «, 8,y of AY - Ah*, and the weak and strong phase
differences

» Precision of a(Af - pK?) significantly improves
» Independent measurement of A — pn~, consistent with BESIII results
» Negligible CP violation in these processes

« Valuable insights into the weak decay dynamics of baryons

« Demonstrating LHCb’s great potential to study CP violation in baryon decays
via angular analysis

14




Outlook
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* LHCb is highly active in beauty and charm sector

and leading many studies of heavy baryons

» One of the largest recorded b/c samples with high

purity and excellent PID information

» Many still ongoing analyses using Run 1 and Run 2 data

* In Runlll, the LHCb experiment will keep making

important contributions to charm sector with

> Higher luminosity (Lryns > Lruni + Lrunz)

» Upgraded detector (e.g. UT)

» Improved techniques (e.g. fully reconstruction in software

trigger)
> ...

Many Thanks!

First-level trigger efficiency
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Backup
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Charm baryons at LHCb

 Collected the largest sample of heavy baryons
> o(pp - bbX) = 1543 £ 1.5 +14.3 pb at 13 TeV in the forward region

= ~ 60k bb/s inside LHCb acceptance
» o(pp - ccX) = 2369 + 3 + 198 pb at 13 TeV in the forward region

= ~ 1 M cc/s inside LHCb acceptance

LHCb

« Prompt sample: directly produced from pp colisions
» Spectroscopy

> Precise measurement (mass, lifetime, BF, ...) Large statistics

» Search for rare decay

« From b sample: from beauty hadron decays

+
> All above, but less statistics Aci‘
> JP determination . : AY 2
! : High purity, 2 1
> Decay dynamics (8,y:7) with polarization SRR % 5

17




Topological diagrams
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Yields R
Parameter A —»Atn~ A 5ATK~ A >ATn~  A) -Atn—  AY —>/1jK -
AT —wAnt AT At AT 5 AKY AT 5pKQ A —pKjY
Nisig 24749 £ 168 1187 £ 37 1010 £34 86351 =318 4164 £+ 72

250 ——————————————————

(_/\;\ : LA L DL AL L DL L L B : ((]\ : : g]\ 300 - L L L DL 3
= 5000F LHCb, 9.0 fb"! = = - LHCb, 9.0 fb"! . = - 2 LHCb, 9.0 fb"! .
> : 0 e e 1 > 200F o e 4 % 250F 0 e g 3
o) o A=A, Ac—=An”* ] QO L Ay—Ala, AL—=AK _ QO - Ay—AK, AL—=Art E
2 4000 - - 2 r . E E E
00 C —3$— Data fore) 150 - —$— Data . o0 200 —$— Data -
= 3000k —— Total fit - = C —— Total fit ] g - —— Total fit .
5 T T B Ay i 1 3 ok L - At 1 g BOF 4y Ank
:§ 2000 :— ...... 22_}/}:1{— (mlis) —: § E ...... 22_1?1:[(- (mlis) E § 100 S_ ...... 22_1?:” (mlis) _f
:.8 - & 1 e ombinatoria ..5 T T T ombinatoria b ..5 Y T U ombinatoria .
= 1000f S 1 & 50 ;
ST S . j S FOUURIUI: B TN s S
5500 5600 5700 5800 5900 5500 5600 5700 5800 5900 5500 5 600 5700 5800 5900

m(Alm) [MeV/c?] m(A ™) [MeV/c?] m(ATK™) [MeV/c?]

‘\/318000:— — T [ T T T T T T T ll T T (\/E 1000__ — T [ T T T T T T T ll — T '—_

= 3 LHCb, 9.0 fb = N LHCb, 9.0 fbr ]

% 16000 - A Az, At—pK? % N AV ATK, AL—pKY ]

s 14000 S 800 .

© 12000 ;— —4— Data % C —¢— Data ]

< 10000 F —— Total fit < 600 —— Total fit =

& 8000  F L 8 S B G Ap--Atk- ]

S 6000 o s AR

"% 4000 3 "% 200 F ]

© 2008 2 Thrsiieen i R © oC B I S E, :

5500 5600 5700 5800 5900 5500 5600 5700 5800 5900
m(Af ) [MeV/c2] m(AYK™) [MeV/e2] 19
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Angular distributions

dl’
* For A% — A-g(—> pKSO)hZ_ m x 1+ OéAgOéAg- COS ‘91,
- For A% - AL (= AhT)h; gl o (1 + o+ cosBy + a +ay cos by + o cos by cos by
d cos 61d cos O>d o A A 2 A

— Q07 4+ A sin 0y sin 05 cos o + a0 B4+ aa sin by sin O sin ®2),

Af rest frame
AY rest frame (o} ¢

A9 polarization assumed to be 0 based
on previous measurements at the LHC

[Phys. Lett. B724 (2013) 27]
[Phys. Rev. D89 (2014) 092009]
[Phys. Rev. D97 (2018) 072010]

Lab frame

A rest frame

20




Angular fit Derr?

 Joint unbinned maximum-likelihood fit of five channels

« sFit method for background subtraction et instrum. meth. asss (2005) 356)

2 2 2 __
 Eight independent fit parameters, without external input Aty =1

_ 2 o
_ _ 0 _ =vV1—a?sinA
Afm AT K AnTt AA7r+ AKT AAﬂ'"’ pKg pT b ’
o e o e o o o o
A ) A 9 A+ ) A+ ) A+ 9 A+ ) A+ ) A
b b c c c c c = V1 —ca?cos A,
or
+ - 0 - =
AT A+K ﬁ At At 5 AKY K PES A =arg(H./H-)
0 .- .
Ay L/ v AT 0 Ao A Helicity amplitude
v T . “ O IR S TSI BRI ] ~ 2000 p——
<8000~ Lucy, 901! = [ LHCb,90 b S L Lhchoom ! AlsAloArr] 2 [ | 4 Ao ]
SO mavoon’ S 1500 S2000f + Data 1 c Data '
S ool +Data 1 3 5 f —Fit 1 9 1500F —Fit .
go00p T 2 T 2 1500 Aaioarnr] S ;
F A ASPEIK 1000 + Data 7 T o) > ]
ool 250 SO0
i F + + + P [ +Data(x10)
2000} SO0 +H 500k TFita0) _
i [ A)—>AX—AK"7 + Data(x10) F LHCb. 9.0 fb-
] i — Fit (x10) 1 i . [ ’
P T T (NN TR ST ST SR N TR TR ST S A T S N PR TR TR N [N TN TN TN TR N TN SN SO SO NN Y SO N PR TR SR S NN AT TR TR TR [ TR TR ST S N TR T T L " | L " L 1 1
o7 05 0 05 1 o7 05 0 05 1 o7 05 0 05 1 0 2 0 2
(cost91> (cos&l) (cosB,) (¢2) [rad]

21



Helicity formalism expansion Derr?

T 2 ) 1+P, O
0,7Nprs\n

For AY — AT (— pKQ)h~ decays, the helicity amplitude is determined as

1 . 1
My, x, = Y H} d3 5 (60) - HY €% d3 , (61),
Ac

d3T
d cos 0pd cos 61d o,

x 1+ ago,tcost

+ P, - (aAg cos Oy + a4+ cos B cos 0,
— Y200 gt sin 6 sin 61 cos ¢

+ ﬂAg%j sin @y sin #; sin ¢1)7

22




Helicity formalism expansion (cont.) D derry

For A) — AT (— A(— pr~)h{)h, decays,

1

: 1 . 1
MAb,Ap ZHA )2\1” 90) . His eired dic,As(gl) . H)S\p PRARL d>2\s,>\p(92)a

d°T
d cos 6yd cos 0, d¢d cos O2d s
< (1+ Qg9 0Lyt COS 0, + QU+ QA COS 0 + QL9 0Lp COS 0, cos 6

— QLAY A+ A sin 6, sin 05 cos ¢ + aAgﬂAjaA sin 0, sin 6 sin ¢2)
+P, - (04/13 cos Oy + a4+ cos O cos b + L0 O g1 0Ly COS 0o cos 0,
+ aup cos O cos b1 cos B2 — Y04+ Sin b sin 1 cos ¢1 + B0+ sin G sin 6y sin ¢y
— Y+ 0A COS 0 sin 0, sin 65 cos ¢ + A+ QA COS 0 sin 6, sin 05 sin ¢
— Y90 sin 6 sin 0, cos 05 cos ¢ + /3/13 a4 sin O sin 61 cos 0, sin ¢,
- ﬂAgﬁAjaA sin 6 sin 0, cos ¢, cos ¢y + 5Ag’YAgLaA sin 6, sin 0, cos ¢ sin ¢,
+ 'VASBAjaA sin 6 sin 0, sin ¢, cos ¢y + VA0V ax OA sin 6, sin 0, sin ¢, sin ¢,
— VA9 o+ ¥4 SID 0y cos 61 sin 05 cos @1 cos ¢o
+ Y49 B 4+ sin 6 cos 0 sin O, cos ¢y sin ¢y
+ 4 207 4+ QA sin 6 cos 0, sin 05 sin ¢; cos ¢o
— ﬁAgﬁAguozA sin Oy cos 6 sin 6, sin ¢; sin @), 723



Angular fit method

* sFit method for background subtraction

log L(V) = i (Ck %wlﬂ, X log [’Pk(ﬁﬂﬁ)])

k=1 1=1
« Constant to correct reported statistical uncertainties
— 2
Ck — Ziedatak wk,’i/ Ziedatak wk,i

» Monte Carlo integration method

- Angular acceptance corrected

24




