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INtroduction

« New decay modes
| Lisime

New hadron states CP asymmetries

* Beauty baryons are produced copiously in LHCb

* Opening up new avenues for studying decays and improving precision of their properties
Many of the predicted heavy hadron states have not been found

* Petaquark states or other exotic states

The parameters of some of the known hadrons measured with lower precision



| HCb detector

General purpose detector specialized in beauty and charm hadrons
* Daughters of b and ¢ hadrons decays: p; ~ O(1) GeV/c, flight distance of mother particle L ~ O(1) mm

* Excellent performance to reconstruct exclusive b-hadrons decays

BCAL M4 M5
SPD/PS M3

Magnet RICH2 M M2

13
I ===
/ Tl et Powerful particle-ID:

e "'/RICHIT ] e(K—- K)~95%

misID e(x - K) ~ 5%
e(u = u) ~97%
misID e(zx = u) ~ 1 -3 %

2 : VAN ——
: 0 - [IUMPA 30 (2015) 1530022]

- OITIC (Diagram and performance
: of Run 2 detector, more details

in Liupan’s talk)



https://arxiv.org/abs/1412.6352
https://indico.ihep.ac.cn/event/21083/contributions/166198/attachments/82167/103657/Hadron_physics_LHCb_20240923.pdf

Outline

* Production and mass

Observation of the Eg — EjDS_ and 5, — EQDS_ decays [Eur. Phys. J. C 84, 237 (2024)]

* New decay mode:

First observation of the A} — D*D~A [JHEP07(2024)140]

* Lifetime:

Precision measurement of the =, baryon lifetime [arXiv: 2406.12111]

* CPV:

Measurement of the Ag, AT and A decay parameters using Ag — ATh™ decays [arXiv: 2409.02759]



https://link.springer.com/article/10.1140/epjc/s10052-024-12443-z
https://link.springer.com/article/10.1007/JHEP07(2024)140?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20240718&utm_content=10.1007/JHEP07(2024)140
https://arxiv.org/abs/2406.12111
https://arxiv.org/abs/2409.02759

=0

- ) m Al
Observation of the =, — = 7D and =, — Z.D; decays

[Eur. Phys. J. C 84, 237 (2024)]



https://link.springer.com/article/10.1140/epjc/s10052-024-12443-z

Observation of the 2 =tD-and B, — Z'D_ decays

\Y/ otivation [Eur. Phys. J. C 84, 237 (2024)]

* According to the quark model, AY b _,b and B =, form an SU(3) flavour multiplet

m Ag — ATD’

m =0 _, m+)— According to the heavy quark effective theory, they
—b —cs should have approximately the same decay width

—_— —0 7 —
000 = - =,

Br(A) — AfD;) = (1.10 £ 0.10) X 107 [Phys. Rev. Lett. 112 (2014) 202001]

=, mass and branching measurement

* Test Isospin symmetry

* Can further investigate for other =, — = D measurement


https://link.springer.com/article/10.1140/epjc/s10052-024-12443-z
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.202001

- =0 _ =+)— =— _ =0
Observation of the =, — = D and =&, — =D decays

Analysis strategy Eur. Phys. J. C 84, 237 (2024]

* Measured quantities:

| g | g HO g |  —
=) o(Z) RBE) - ZID))

(Ag) o(A))  B(N) - AFD;) (D
= o(E)) RBE, - ED))
9?(—’;) = ’; X% (2)
A o(N) BN, = ANIDy)
=Y =0y BEY - =5tD-
Gy = S FEZ 2D
=, o8y BE, - ED;)

G(Eg) N

c(E5)

1

* The ISospin symmetry assures that


https://link.springer.com/article/10.1140/epjc/s10052-024-12443-z

Observation of the :g — ZYD- and B, — E'D; decays

Results [Eur. Phys. 1.C 84 237 (2024)]

* Fit to the mass of AO, S :g

------------------

wWE———""T"™/"""T—— T 71

§ 6000 — N§ § = —— Data
é) E ﬁ g 160 = e Total
o 5000 = o = 0E Signal
g 4000 — Partial Reco. _E % % g ; ..... g:rrt?; Reco.
g = 2 £ 100 F
Té 3000 = % % 0
s = S S 6
1000 —; 22 =
5500 5600 5700 5800 :5650 5700 5800 5900 6000 :.;21600 5700 5800 5900 6000 6100
m(A,) [MeV/c?] m(Z,) [MeV/c?] m(Z°) [MeV/c?]
HO Theory prediction [Phys. Rev. D 56, 2799][Chinese Phys. C 42 093101]
[Phys. Rev. D 100, 034025]
(—) = (15.8 £ 1.1(stat) £ 0.5(syst) £ 7.7(ext)) % (6.42 — 10.09) %
b LPiCb ' ‘ — ' ' — " '
—— 5.1 b . R(%)
R(—g) = (1B.0 £ 15(star) £ 0.8(syst) £ 4.6(ex)) % (682 = 11.64) % - R(;—) 5
b b
2 i)
9?(—) = (87.4 £9.2(stat) £ 5.2(syst) £ 47.6(ext)) % (94.15 — 94.27) % — i =
=b

* Consistent with SU(3) flavor symmetry and several predictions for relative production rates
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https://link.springer.com/article/10.1140/epjc/s10052-024-12443-z
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.2799#:~:text=Abstract.%20Cabibbo-allowed%20two-body%20hadronic%20weak%20decays%20of%20bottom%20baryons%20are
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.2799#:~:text=Abstract.%20Cabibbo-allowed%20two-body%20hadronic%20weak%20decays%20of%20bottom%20baryons%20are
https://iopscience.iop.org/article/10.1088/0954-3899/42/9/093101#:~:text=In%20this%20review,%20the%20development%20of%20the%20covariant%20density%20functional
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.034025#:~:text=Abstract.%20We%20study%20color%20allowed%20bottom%20baryon%20to%20s%20-wave

First observation of the Ag S-Dth A

[JHEPO7(2024)140]



https://link.springer.com/article/10.1007/JHEP07(2024)140?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20240718&utm_content=10.1007/JHEP07(2024)140
http://www.apple.com.cn

First observation of the Ag — DTD™A

Viotivation [JHEP07(2024)140]

* Ag — D™D~ proceed at quark level through & — c¢cCs, not observed yet

* Predicted via two types of two-body intermediate states: [Phys. Rev. D 103, 114013 (2021)]

Existence of a DD bound states X(3700)
Environment for conventional resonances: excited = states E** — DA

Pentaquark — AD may also be present

C ~N u > u " C +
C a } D
- Y(3770) L g & )
\
b > Cc J Ag b , S / b > C
w- w- > Pgg
S N W— S
A} > u 4y u
b U > A 5} - b
d > d d g d d d -

Y(3770) - DD = > DA P-. - AD
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.114013
https://link.springer.com/article/10.1007/JHEP07(2024)140?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20240718&utm_content=10.1007/JHEP07(2024)140

First observation of the Ag — DTD™A

Results [JHEPO7(2024)140)

* First observation of Ag — DTD™A decay ‘“;’CSOE_'Ingb' ) +Dta I
> [ 53! . .

. . > oF o s -

* Branching fraction measured S “F o
E 30 |- A§—>D+D-z“ —

%(Ag — DTD™A) = S F ..Comb.bkg. 1

5 20 -

A = _ N

(1.24 = 0.15(star) £ 0.10(syst) £ 0.28(ext,,) = 0.1 l(exthg/fBo) x 1074 g N3 + + + + :

* Two body invariant masses: 5400 5500 56031 (D+D_5/Z<))0[Mew 6528]00

- LHCb
- 53 fb!

O
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-
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https://link.springer.com/article/10.1007/JHEP07(2024)140?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20240718&utm_content=10.1007/JHEP07(2024)140

Precision measurement of the =, baryon lifetime

[arXiv: 2406.12111]
Submitted to PRD
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https://arxiv.org/abs/2406.12111

Precision measurement of the =, baryon lifetime

|ﬂJ[rOdUCJ[iOﬂ arXiv: 2406.12111]

* The heavy quark expansion (HQE) framework predicts the beauty hadrons
Predictions of lifetime is a stringent test of the HQE framework
At the leading order, the decay width of all b hadrons is equal to that of the b quark

Lifetime measurements provide a direct quantitative test of the HQE high-order corrections

Lifetimes Theoretical uncertainties Experimental uncertainties
T:‘[;/TAO 1.9% 2.5%
- b

* Higher exotic b baryons start with =" lifetime measurement relative to that of Ag (r = 1.464 £0.010 ps)

* Update Run 1 [Phys. Rev. Lett. 113 (2014) 242002] using larger Run2 samples

13



https://link.springer.com/article/10.1007/JHEP04(2023)034
https://arxiv.org/abs/1409.8568
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.242002
https://arxiv.org/abs/2406.12111

Precision measurement of the =, baryon lifetime

Aﬂ alySiS Strategy [arXiv: 2406.12111]

* Measure lifetime ratio TEI;/TAg

World average: (7=, /7Tpg)wy = 1.089 £ 0.028 (precision dominated by LHCb Z; — EV77)

C

Latest HQE prediction: (7=, /7)) yop = 1.078 £ 0.021  [J. High Energ. Phys. 2023, 34 (2023)]

* Measure the ratio of efficiency-corrected signal yields as a function of decay time

N[Z; = B 1) e[A; = Adn~1(0)
N[Ay — Adz=1(t) €elB; — Edxn~](1)
| |
TAg TE—
TEI; 1

TA(C) 1—/17:/\8

R(t) =

= Ryexp(Ar)

A=

14


https://link.springer.com/article/10.1007/JHEP04(2023)034
https://arxiv.org/abs/2406.12111

Precision measurement of the =, baryon lifetime

R@SU |J[S rarXiv: 2406.12111]

= 4 | | N I L B AL
€ | LHCb, 5.5 - —

: * Most precise measurement of the =, lifetime

3 _

_ + * Improvement on the world-average value by about a

L b * - factor of two

1 -4 * Consistent with HQE expectation

g

decay time [ps.

[Phys. Rev. Lett. 113 (2014) 242002]
Runt Run?2 (this work)

Runi1+2

Tz T 1.076 + 0.013 % 0.006

1.089 £ 0.026 £ 0.011 1.078 £ 0.012 £ 0.007

T=-(pS) 1.599 +0.041 £0.022  1.575+0.019+0.009+0.011 1.578+0.018 +0.010 + 0.011
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.242002
https://arxiv.org/abs/2406.12111

Measurement of the A%, A
parameters using Ag — ATh™ decays

and /A decay

C

[arXiv: 2409.02759]

Submitted to PRL
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https://arxiv.org/abs/2409.02759

Measurement of the Ag, AT and A decay parameters

| ﬂJ[ rO d U Ct I O ﬂ [arXiv: 2409.02759]

* Decay parameters were first proposed by Lee and Yang to study parity violation in hyperon decays
2Re(S* P) 2Im(S* P) g2 _p2 [Phys. Rev. 108 (1957) 1645]
o = B = v = ith o + 8°++° =1
|52 + P> S|? + |P]* S|2 +|P|*’ TR 7

S: Parity violating S-wave amplitude, P: Parity conserving P-wave amplitude

* Probe parity (@ # 0) and charge conjugation parity (CP) violation (@ # — a, f # — )

| |
* Can be defined for Ag — ATh™: (5)+ — (E)JFO_ decays:

A, = ara _ tan Ad tan Ag Ao: strong phase difference

@« Ag¢: weak phase difference between the S and P wave amplitudes

o —

RB1 — ﬂ—i_ﬁ— :tanAqb

R52 = IB _é — tanA5.

o —

17


https://arxiv.org/abs/2409.02759
https://journals.aps.org/pr/abstract/10.1103/PhysRev.108.1645

Measurement of the A(b), AT and A decay parameters

An alyS 'S Qverview rarXiv: 2409.02759]

* For charm-baryon decays
Precisely measured a parameters

Limited precision of f, v

- BESIII
= Bell
BAL — Ax®) =~ 0.06% 3735 -
+ +\ — +0.964+0.17
y(AZ = Ar™) = = 0.607 7057503 [Phys. Rev. D100 (2019) 072004]
BEY — E0%H) = — 0.64 + 0.69 . [Sci. Bull. 68 (2023) 583
HC D — ° — °

W(EF - B%*) = — 0.77 £ 0.58

[Phys. Rev. D100 (2019) 072004]
[Phys. Rev. Lett. 132 (2024) 031801}

-1 -0.5 0 0.5 1

* a(A — pr™) has a great precision measured by BESIII [Phys. Rev. Lett. 129, 131801 (2022)]

* No previous result for bottom-baryon decay

18


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.031801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.131801
https://arxiv.org/abs/2409.02759

Measurement of the A7, A+ and A decay parameters

Decay channels rarXiv: 2409.02759)]

* Decay parameters extracted from angular distribution

A) - Agh;<f Ar - Ah3, A - pn~ (hy, =, K)

AE - pKg
Ag - AT(— Ahf“)hz_ Ag — AT( - ng)hz_

Afrest frame

A9 rest frame

¢

+
A} rest frame ¢ Acrest frame

K
F— H 0

A° rest frame

do
— & 14 opa.cosb; + .o cos by + apos cos By cos by dd

de — =1+ apa.cosb
— Q0L \/ 1 — a2 cos(¢s + d.) sin 0, sin 6, d)

19



https://arxiv.org/abs/2409.02759

Measurement of the A(b), AT and A decay parameters

RGS U |J[S [arXiv: 2409.02759)]

* No CPV observed in these decay modes

A,» Rz are compatible with O

a=-11In Ag decays shows V — A nature of the weak current and maximal parity violation. Various model
predict a = —1 [Phys. Rev. D105 (2022) 073005]

* ,B, y of A:F — AnT/K™ are measured most precisely, serve as essential inputs for some theoretical
model. Strong and weak phase differences between S and P waves

Decay Parameter | Result
0.368 £ 0.019 £ 0.008

—0.387 4 0.018 £ 0.010 Decay A — Am A — AK™
0.502 = 0.016 =+ 0.006 A¢  0.01 £0.02 —0.448 £0.017

0.480 £ 0.016 £ 0.007 B N N N
0.353 = 0.124 + 0.046 A0 0.03 = 0.015 0.57 == 0.19

—0.316 =0.104 = 0.028
—0.743 = 0.067 = 0.023
—0.828 = 0.049 =+ 0.020

AT —Ant

AT 5 AK™

RLRUp 2| RV =R D

20


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.073005
http://www.apple.com.cn
https://arxiv.org/abs/2409.02759

Measurement of the Ag, AT and A decay parameters

Results rarXiv: 2409.02759)
* Independent measurement of A, consistent with BESIII
Decay Our result PDG 2024

« 0.717 = 0.017 == 0.009 0.747 = 0.009
a —0.748 = 0.016 = 0.007 —0.757 = 0.004
<Oé> 0.733 = 0.012 + 0.006 -
A, —0.022 £0.016 & 0.007 —0.001 £ 0.004

* Comparison between baryon decays with different flavour

Decay o Comments
A} — ATm~ —1.010 £ 0.011 + 0.003 Fully left-handed  [Phys. Rev. D 99, 014023]

AT — Ar~  —0.782 4+ 0.009 + 0.004 Nearly left-handed
A— pr™ 0.717 4 0.017 £ 0.009 Not left-handed

21


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.014023
https://arxiv.org/abs/2409.02759

* Production, decays, b-baryon properties and CPV are presented

* Demonstrate great potential at LHCb to study baryon decays, especially in CP violation
via angular analysis

* Valuable insights into weak decay dynamic of baryons

* Other precise measurements are ongoing

Eg, Q% lifetime measurement



Back up




Measurement of the A7, A+ and A decay parameters

HellClty formalism farXiv: 2409.02759]

Ag —> A:T( —> Ah1+ 123

d°T .
d cos 6yd cos 01d¢:1d cos O2d s

(1 + apa, cos by + a o, cos Oy + apag cos By cos by

— QY Qs Sin 0 sin Oy cos pg + apBe0rs sin By sin O, sin @)
+P, - (ap cos Oy + a. cos by cos 01 + apacas cos b cos b

~+ o, cos B cos 6, cos 0,

— YpQx Sin B sin 6, cos ¢4

+ By, sin G, sin 0, sin ¢,

— 7.0 cOS By sin @ sin 6, cos ¢

+ Beaus cos B sin By sin 6, sin ¢

— Yp 8in B sin B, cos 65 cos ¢

+ By, sin By sin 0, cos B, sin ¢y

+ By B, sin G sin By cos ¢y cos ¢

+ Bpyc0is sin B sin O, cos ¢y Sin ¢

+ YpBc0s sin B sin O3 sin ¢y cos ¢

+ YpYeQs Sin Gy sin 6, sin ¢; sin ¢,

— YpYeQls Sin 6 cos 61 sin 6, cos @1 cos Py

+ Yy 8.0 Sin O cos 0 sin O, cos ¢y sin ¢y

+ Byye0ts sin B cos 0 sin B sin ¢ cos ¢,

— By Bears sin g cos 6, sin b, sin ¢, sin ¢,)
(33)
where oy, 35,7 are decay parameters in A} decay, a., f., 7. are decay parameters in A}
decay, o, is decay parameter in A° decay.
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https://arxiv.org/abs/2409.02759

Measurement of the A7, A+ and A decay parameters

HellClty formalism farXiv: 2409.02759]

A0 = AF( = pKDhy

d3T
d cos 6yd cos 61do¢, %
+P, - (o cos 6

+ o cos Oy cos 04

1 + oo, cos 04

— YpQ Sin 6 sin 0 cos ¢4
+ By sin O sin 04 sin ¢4 )

where ay, By, v, are decay parameters in A? decay, «. is decay parameter in A} decay.
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https://arxiv.org/abs/2409.02759

easurement of the A, AT and A decay parameters

Fit to Ag and /_\2 simultaneous

y

[arXiv: 2409.02759]

Eight independent fit parameters, without external input

ap, O

7Ly K A _Aw AK _AK
aba aba ﬁc 7’Yc ) IBC 77(: y 0%

K
b

a/lﬂ' 5/171'

cC J77cC

AK sAK  PKQ
a0 . O

0
pKS

7a8

y (s

Table 36: Decays involved and the corresponding measurable decay parameters. Note, § =

arctan /7.

Decay Parameter

0 g
At — pK3 b

0 =
Ab_)ACK aK,ang
AT — pKQ e
A af
B a L o o e L
A— pr~ Ol
4 1R ot

Ar  pAn AT SA

AT — Axt a9 0
A— pr~ QL
A o in af
R e e e
A— pr~ Ol
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