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Outline of the talk

* Introduction
« New CP violation measurements from A) —» Ah*h’~ decays
« New CP violation measurements from A9 — ph~ decays

 Prospects and conclusion
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Matter and antimatter asymmetry
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http://pdg.lbl.gov/index.html

EW Baryogenesis e —

« Sakharov conditions: CP violation need Far smaller than observed

] matter antimatter asymmetry

* In SM, offered by CKM matrix in Universe
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
http://ckmfitter.in2p3.fr/

EW Baryogenesis e —

« Sakharov conditions: CP violation need Far smaller than observed

] matter antimatter asymmetry
* In SM, offered by CKM matrix in Universe
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
http://ckmfitter.in2p3.fr/

. - PRL124 (2020) 031801
CP violation typeS PRD101 (2020) 012006
B Direct CP violation CP violation in interference between

mixing and decay
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.031801
https://doi.org/10.1103/PhysRevD.101.012006

CP violation in baryon decays not yet discovered
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provide new mechanism for generating matter antimatter
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B-meso genes 1S PRD104 (2021) 035028

« SM CP violation phenomenon may also lead to baryogenesis

( . ™
Out-of-equilibrium CP-violati illati B-mesons decay into \
late time decay -violating oscillations Dark Matter and hadrons Baryogenesis

b @ Bg @ Dark Matter "
’ /' (antibaryon) Yp =87x10

.. 11 -0 N
s S,
b @ @ @ sl Dark Matter

T ~ 15 MeV A% Ag Br(B>y+B+M) QDMW - o.y

F(B?s) - E?s)) Br(B — baryon + dark matter)
—4 . . .
Operates at very low =* > 10 CP violation in
temperatures =0 0 Br(b baryon baryon decays,
[(Bes) = B(s)) — meson + dark matter) > 10™* new possibilities?

Generate matter antimatter asymmetry
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https://doi.org/10.1103/PhysRevD.104.035028

JHEP04(2014)087
PRD108(2023)L 011101

Methods to search for CP violation PR oz loonz

« Many methods have been explored to search for CP violation in baryon decays

Direct CP violation (« sin(Adgr)sin(A¢ry)) Triple-product asymmetry (< cos(Adgr)sin(Apgy))
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Decay parameters asymmetry

J/p - E°E%, 20 - An®

« Important to investigate phase space dependence

(amplitude analysis, binned method, energy test etc.)
« CPV: bbaryon 0(1% — 10%), ¢ baryon 0(0.1%),
hyperon 0(0.001% — 0.01%)

* LHCb: massive production of b baryons!

cos 0=
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https://doi.org/10.1007/JHEP04(2014)087
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L011101
https://doi.org/10.1103/PhysRevLett.133.101902
https://doi.org/10.1038/nphys4021

The LHCb detector (Run 1+2)
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Excellent vertex and IP, decay time resolution:
* 0(IP) = 20 pm for high-p tracks

* o(1) = 45 fsfor B - J /¢ and B - D7t decays

Very good momentum resolution:
*6p/p = 05% — 1% for p € (0,200) GeV
* a(mg) = 24 MeV for two-body decays

2024/11/05

Hadron and Muon identification

* €k~ 95% for e,k = 5% up to 100 GeV
* €y~ 97%fore,,, = 1-3%

Data good for analyses

* > 99%

Designed for CP violation and heavy flavor studies

UCAS, Wenbin Qian
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

The LHCb status
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'a — 2024 (13.6 TeV): 9.56 fb™' . :
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= | 2022 (13.6 TeV): 0.82 fb™

2 817 _ooteaTevizot « 2011 (7 TeV): 1 fb?

E —2017 (13 TeV): 1.71 b’

5 gl — 2016 (13 TeV): 1.67 fb™' ° 2012 (8 TeV): 2 fb—l

— — 2012 (8 TeV): 2.08 fb"

g — 2011 (7 TeV): 1.1 fo™! . Run 2:

S 44—

Q
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g’ —— * Run3:
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£ ol i . | « 2024 alone (13.6 TeV): 9.56 fb-!
Mar May Jul Sep Nov

Month of the year

« A new LHCb detector for Run 3 operates at x 5 higher instantaneous luminosity

« Similar performance, while efficiency for hadron final states increased by a factor of 2
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What we have from LHCb?

A% - ph- 3 fbl PLB787 (2018) 124
UPDATED! A9 - pKom~ 1fbt Acp JHEPO04 (2014) 087
A% > AK*m~, AK*K~ 3 fbt Acp JHEPO5 (2016) 081

E) > pK K~ 5fb? Amplitude analysis PRD104 (2021) 052010
A - J/ypr~, ] /PpK~ 3 bl Acp JHEPO7 (2014) 103

AY - DpK~, ADS 9 fb-t Acp PRD104 (2021) 112008
A% EY - p3h 3fbt Acp EPJC79 (2019) 745

A% Ep - p3h 3fbt TPA Nature Phys. 13 (2017) 391

JHEPO8 (2018) 039

AY > p3n 6.6 fb! TPA, energy test PRD102 (2020) 051101

Many attempts from LHCDb already, we continue to explore the fundamental question
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https://doi.org/10.1016/j.physletb.2018.10.039
https://doi.org/10.1007/JHEP04(2014)087
https://doi.org/10.1007/JHEP05(2016)081
https://doi.org/10.1103/PhysRevD.104.052010
https://doi.org/10.1007/JHEP07(2014)103
https://doi.org/10.1103/PhysRevD.104.112008
https://doi.org/10.1140/epjc/s10052-019-7218-1
https://doi.org/10.1038/nphys4021
https://doi.org/10.1007/JHEP08(2018)039
https://doi.org/10.1103/PhysRevD.102.051101

Studies of A)(Z}) - AhTh'~ decays

Branching fraction and A.p measurments
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Charmless three-body b decays
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« Charmless b decays, ideal to search for CP V|olat|on

* Multi-body b decays, complex CP violation pattern
seen previously

« CPviolation as large as 80%

- Interesting to search in A) - Ah*h'~ decays and look

into phase space

2024/11/05 UCAS, Wenbin Qian
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d,s

PRL124 (2020) 031801
PRD101 (2020) 012006

Similar level of amplitudes from
penguin and tree diagrams and

different weak phases

Can generate large CP violation
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.031801
https://doi.org/10.1103/PhysRevD.101.012006

Branching fraction measurements L HCb-PAPER 2024-043

B(AY/29>ART R ) N

BA)-AY (ATH)T™) N

0,20 - €0 .+ - fL0.0
Ap/Ep—>AhTh . Ap—~AE (-An)m o b/

- € -
Ag—vlz.' (->Ant)m A%—)Ah"'h’ ng

« Branching fraction (in addition to A.p) offers important information to the
internal dynamics

* In LHCb, we measure w.r.t. control channels (relative branching fraction)

« Control channel A} —» Af(— An™)m~ used to reduce systematic uncertainties
in both branching fraction and A.p measurements
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Yields extraction LHCb-PAPER-2024-043

N

B(A)/E)—>ARTR' ™) A /29 -Ant R~

BA)-AY (ATH)T™) N

€09 0¢ (oAt~ « f 29/z0
— € —
Ag—vlz.' (->Ant)m A%—)Ah"'h’ ng

Control channel yield: ~5200

* Yields extracted from invariant mass fit:
LHCbH,90fb !
Q AN AN ATHT-

« Signal: two Crystal Ball function, tail

— Total fit
1500 — AV A AT -
Comb. bkg.

1000 - i -
A B b A= Ad(AT)T T ]

J&L Preliminary _

) ) ) 5600 . 5800 . : 6000 :
function convolved with resolution m(Amt ) [MeV/c?]

parameters from simulation

« Combinatorial background: exponential

function

Candidates / (20 MeV/c?)

« Partially reconstructed background: threshold

* Cross-feed background: shape fixed from

simulation
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Efficiency and fragmentation fraction PRD9Y (2010) 092006

N

B(A)/E)—ARTH' ) A9/29-Antn'- y €09 0¢ (oAt )m™ y / A9z

BA)-AY (ATH)T™) N

- € -
/12—)/12-' (->Ant)m A%—)Ah"‘h’ f/lg

« Efficiencies determined from simulation with corrections using data-driven

methods

« Particle ID, trigger, tracking : using control channels from D** - D°(-» K nH)n*
etc.

« Dalitz plot corrections: difference on Dalitz plot distribution between data and

simulation
f-0 (6.7+0.5+0.5+2.0)x107% @7, 8TeV
- Fragmentation fraction —2
T a9 (8.24+0.7+0.6+2.5) x10"2 @13 TeV

Fragmentation fraction of £, used assuming Isospin symmetry
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https://doi.org/10.1103/PhysRevD.99.052006

Signal Chanﬂel (/lg - AK+K_) LHCb-PAPER-2024-043

B(AY - ARTR'™)  Npo apep- « €205 AF (mAm* ) Optimized using significance F.O.M.
B(A(I)J - A-(I-'- (_> A1T+)Tl'_) N/lg—ﬂlg'(—)An"")Tt_ 6A2—>Ah+h’_ NS/(\/ NS + NB)

——————= * Predictions rather limited, only for quasi two-body
LHCb,9.0 fb! ]

— Total fit k processes,;

— Aj— AK'K™

— Z)— AK'K~

r --- A)— AK*7(mis)

400 r Comb. bkg. 7
S B Ay AK* Ky 1

—
(=3
=3
S

I
. -
F———
T

800 E— (a)

600

 Mainly on /12 — AV processes, e.g. /12 - AP

----- Al— AK*K 70

00k el \ Preliminary 1 - QCDF : 6.3x 1076 arXiv:1803.01297
ettty H i

5%0 m"";%goo 5800 6000 « GFA: 1.7x10°° arXiv:1603.06682
mAKK) [MeVie'] « PQCD: 6.9x 107° arxiv:2210.15357

AKTK~
Signal yield: N = 1920 + 50

B=(10.7+0.3+0.4+1.1) x10°°
stat. sys. control channel * Little on other processes, like /1?, — N*TK~

Candidates / (20 MeV/c?)

Amplitude analysis needed for precise test
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Signal channel (A) - AK*m")

0 +1./—
B(AY) - ARTR'™) Ny e €At (oArt)ne
BAY - AL (5 Ar)T) N0 i amtye- €0 ,—
b c Ay —AF (A Ay —>Ahth .
p=Ae ) b Preliminary

—~ —— 0 O oas0E T T, T T T T
L 1000 [ LHCb,9.0 fb! ] § E ( C) LHCb,9.0fb ! ]
2 [ (a) ot fit 1 7 300F — Total fit .
> SF — Al AK'K- 12 250F — A AR =
o b < E — E, > AK'm E
— 205 AK'K™ a E o 40 i 3
D 600k b 4 = 200F Ap— A* 7 (mis) 3

—~ --- A% AK*7~(mis) - . --- Aj— AK'K(mis)
8 100F Comb. bkg. 1 £ 150f Comb. bke. 3
A Y B Al AK'Ky ] = b e £ Ao AR Ty E
= [ y I A0 ARK-70 1 B o TN e Ay AK* TR ]
£ 200fF v 1 & 50k NeSL E
O Preliminary { © 7 F s Ftrhibphig., 3

e B M et T T it L it T 0 SN EEFFE. 50 | 1

5100 5600 5800 6000 3400 3600 3800 6000

m(AK*K") [MeV/c?] mAK 7)) [MeV/c’]
N + o
AKTK AK ™

Signal yield: N = 1920 + 50

B=(4.6+0.2+0.44+0.5)x10°°

2024/11/05

UCAS, Wenbin Qian

LHCb-PAPER-2024-043

Optimized using significance F.O.M.

Ng/(yNs+ Np)
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Signal channels (A) - Ar*m™) LHCb-PAPER.2024-043

fB(A‘,’, — Ah*h'") _ NA?,—>Ah+h" y €105 (oAmt)m™ Optimized using significance F.O.M.
B(A? > AL (5 ATHT) N0 14 (oamtyme €0 _
b c A)->AF (At A%>ARTR' N w/N + N
p=Ac (GATT) b Prellmlnary S/( S B)
G 1000 T et oot ] ”§ 330E LHCb, 9.0 fb-! E § 1000:— ( ) LHCb 9.0 fb ! ]
> B (a) ] ’lf' i L 300F (C) — Total fit 3 © C € — Total fit ]
< soof — Toul fit 1 = F — A AR 1 = soof — A A .
= - - — Al— AK'K™ 1 o 250F — SV AR 1 . Pre“mmary —EoArT ]
600l — 5 AK'K” 1 < 200E A Arrmiss 4 600 - A0 AR T (mis)
g - - == AV AK*7~(mis) - f A AKKmis ] g Comb. bkg. ]
8 i Comb. bkg. 1 & 150f Comb. bke. 4 = a00F N, T+ 00 Aj— Am*my ]
= 400y A AKKy 1 = 0k P ko Ab—> AK Ty E g A it 2 Ay Amra’ ]
:'E 200:_ y B A AK* K70 b :% 505 ----- Al AK* 7 n° ] S 200F N _:
O — Preliminary § © “E laoe) ﬁﬁ*"“““"*““‘*w i \ RO
| . 4 0 A N “\e o
] WA e e 5400 5600 5800 6000 3400 5600 5800 6000
5400 5600 5800 6000 MK ) [MeV/c] m(Ar+r) [MeV/c?]
m(AK*K") [MeV/c?]
AK K~ AK T At

Signal yield: N = 1920 + 50 N = 618 + 32 N = 640 + 40

B=(534+0.44+0.5+0.5)x10"°
First observation

2024/11/05 UCAS, Wenbin Qian 20




Signal channels (E) - AK*K") LHCb-PAPER.2024-043

-0 +1,/— _ . . . .
B(Ep » Ah*h'™)  Nooppep- o €AY~ ¢ (~Ant)m o ED Optimized using Punzi F.O.M.
0 + F\—\
BAp > At ATH)TTT)  Npo gt Ganhyn- €0oantn- a2 Ng/(\/Ng +5/2)
5 1000 T,
§ - . LHCb 9.0 fb™!
>  Preliminary —rodi fit
= 800 — Al AKK .
=) - — Z,5 AK'K~ 1
g 600 - --- Al AK 7*(mis) -
w Comb. bkg.
2 T A A= AK*Ky b
_-g 0, L L A§—> AKK 7
o L i
g 200} here
O I ]
400 5600 5800 6000
m(AK*K") [MeV/c?|
AKTK~
N=12+9

B < 2.4(2.8) X 10°°@90%(95)C.L.

Not significant, 1.7 o
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Signal channels (£, - AK"w™) LHCb-PAPER-2024-043

=0 +p— . _ _ - .. . .
B(Ep) » Ah*h'™)  Neo e o €AY~ ¢ (~Ant)m o ED Optimized using Punzi F.O.M.
0 + -
BAp > At ATH)TTT)  Npo gt Ganhyn- €0oantn- a2 Ns/(/Ng +5/2)

T T T T 1 ~ 80— T T

L 1000 LHCb 9.0 fb~! 12 708 Preliminar LHCb 9.0 fb!
Z [ Preliminary ol fi 1=z 7 y — T ]
S 8001 — AV AKYK 1= 60 — A AKE
g C — E,— AK*K~ ] g 50 o j:?: ﬁi‘:’(mis) 3
~ 600 -ee Ao AKH(mis) - = -m Al AKK (mis) 7
- C Comb. bkg. 15 40 igmbf::g' -
2 B - AV AK*Ky 128 _ b 4 HINLHEYR T i AK Ty E
'_g 400 A§—> AKK 1 ] _cg 30 I Wt [T A AR TR
3 X 15 20 -l- =
g 200} 4 & oE- | | -FL
U - U .‘... ‘,‘ ‘\‘ E
o B P i N 0 E==r=m 4_/{\ el P N T

5400 5600 5800 6000 5400 5600 5800 6000
m(AK*K™) [MeV/c?] m(AT*K™) [MeV/c?]
AK K~ AK wt
N=12+9 N =119+ 15

B=(10.4+1.4+1.2+3.5)%x107°

First observation
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Signal channels (E) - An*rw™) LHCb-PAPER.2024-043

=0 + /- . _ _ - . . . .
B(Ep) » Ah*h'™)  Neo e o €AY~ ¢ (~Ant)m o ED Optimized using Punzi F.O.M.
0 + =Y
B(Ap > Ac (- An*)m™) NA2—>A;(—>An+)n— €z0 Ah*h'- ng Ng/(/Np+5/2)

CGC-)\IODO-— T T T T 1 . (\E\ T — @10005 — T — —
= L Preliminary  LHCboOfb™! 15> 7f Preliminary LHCb9.0 b § YOE Preliminary LHCboO !
0 - — Total fit 1o — Toulhit - i = 800F — Total fit
= S0F - ner A Bl S I — Ao A
K C — & ALK S 50 A Arrmy 5 R 3 — S AT
— 600 --- Ay— AKmt(mis) - ~ == Al= AK'K (mis) & 600 5 .- Age AK t(mis)
- i Cl(:)mb. bkg. 40 if]‘m";:g- 4 o S00E Comb. bkg.
8 - A AKKy 1 8 meAmARTr 182 400B N A e A A
:_g 400 . A§—> AKK7° ] :_g 30 A= AK ' ; v-cgd 200 E_ ----- Ag:)) AE+?;)
Z 200f 1% Y5 - f I 2 200F, here
© " ]O 10E~ J\ -I‘-FH'{' 1 © 100f " i

( b Fr L J 0 oop T (R LT S | P S R () Eezaaes ygn £F P SR R

5400 5600 5800 6000 5400 5600 5800 6000 5400 5600 5800 6000

m(AK*K™) [MeV/c?] m(Am*K™) [MeV/c?] m(Artn) [MeV/c?
AK K~ AK 7w At
N=12+4+9 N =119+ 15 N =56+ 27

B=(11.0+2.6+1.4+3.8)x10°°

40, first evidence
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Methodology of A-p measurements at LHCb

Physical quantity of interests

;T - f)-T@; - )
T - H+TA) - )

Experimental effects

T e 12000 amn
0 —0 - 2 b I I e
fo_ N - -NE - D CRe S = S o S :
Raw — N (A° N (A° 3 £ o T T
( b - f) + ( b - f) 'E 40%. e Ay AKTKTY —---Tigaﬁxk‘g.’(l"r
5 PO A A—ARE 3 8 _F 4 o F ot .
g) E oo &y, : ok : SR
N 400 5800 5600 5800
What we see directly from MO K [MeV/c] WA K ) [MeV/]
mass plots Preliminary See later
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Methodology of A-p measurements at LHCb

Physical quantity of interests
— A, =4l — Ay — AL
T -r@ e p | T e T
T > HHTEAY - f) ——t— i
o) —e@) ) —elp)
P T g(A9) + o (A9) o) +e(h)

Production asymmetry Detection asymmetry

Ay

Experimental effects

160 LHCb, 9.0 fb LHCb, 9.0 fb E
% 140 mAK)<29 GeV K )< 29 GeV' B
b e 7 Y e o o s e o o miEE ) 22GeV ]
0 ) %0 - = 10f — Total fit — Tolal fit E
N f — ( - f) S o0E — Aj— AK'K E — A~ AKK E
roo_ N4 N (A pR— L S | R S T R
— @ -~ 0 + : - -
RaW ( O ) _0 - % 6{]2 '“g;;bfig{r(mls) Ry AR m(mis)
- .bkg. Comb. bkg. E
N Ab - f + N (Ab 4 f) % 405_ e Al AKKTY ""'T!EEZK'X'r _f
6 PO A A= AK'K7° ¥ T AKE T ]
ol F gl : £ + ]
Wh d N | .I: §)400 5600 5800 6000 _0 5600 6000
at W e S ee I l'eCt y rO m m(AK*K™) [MeV/e?] mAK K™ [MeV/c?|

mass plots Preliminary See later
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Control channel for Acp measurements

Signal channel Control channel

l

0
AAcp = AAggy — AAR? — A4,

0
S _ aS Ap S
ACP_ARaw_AP — Ay

0
C _ AC Ap C
ACP_ARaw_AP _AD‘

I

A) - Af (> AnH)m™

0
AA;}”: mostly canceled, small residual due to kinematic A;p~0
difference induced by selections

Similar topology

AAj: mostly canceled, small residual due to
kinematic difference induced by selections or particle
type difference (K vs m)
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Production asymm et ry LHCb-PAPER-2021-016

5 _o(pp > AY) —o(p > A) T} e _E
AAb = b _b = 4E - 5=TTeV. i —
P 0(pp - A%) + J(pp - A(l))) 3_ —— 5=8TeV, 2fb" _*uﬁ.__ _
2F — 3
| _ I ::HH* 3
* Production asymmetry of bb, ) S—— ]
dominated by gg fusion T S "I"ol_
Ab
- Hadronization asymmetry of AY and - Iy
SE E
<0 : . LHCb ]
A} in pp collisions ' el
3t s = eV, ’1_;
« Ap:1~-2% , measured by LHCb as a function of y, pr N3 1 }_+_r o E
- AAp ~ 0.2%, with uncertainties around 0.2%: consistent with 0 'f % e L
OF -
- Ap: Only Run 1 measured, Run2 (expected to be smaller) uses-i .
0 10 20
Runl measurements Ay p. 1GeVic]
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Detection asymmetry

f e(f) — e(f) _[Chin. Phys. C 40 (2016) 100001]

D= T e iy

_._nJr

« Matter, antimatter interact with detector (made by

cross section [mb]

matter) differently

« f:different combinations of p, K, w etc. 20

1 10 10
* Including effects from reconstruction of particles, PID, Momentum [GeV/c]

trigger effects; AR =AR + AL .+ AR, h=K,mp

* Obtained using data-driven method with calibration channels

AD(T(':I:) %01%,AD(K:|:)’\N‘ 1%,AD(29/2_9)% 1_2% I AADZ"’].%
Significantly reduced
using control channel
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Candidates / (20 MeV/c?)

Candidates / (20 MeV/c?)

CP violation measurements (1)

)\

- TR T

—
LHCb,90 fb!
— Total fit

— A} AK'm

--= )= Am'm(mis)

Comb. bkg.
v Al AK Ty
----- Ay AK*mn’

+

+ L 'H:l'

3+
5600

ASSIOO. l6000I
m(AK* ) [MeV/c?]

0F T T~ T T T T T T T T T 3
b LHCb,9.0fb ! E
350 i — Total fit -E
300F — Ay AT =
E & - E
F — I Am'mw E
250 E --- Aj— AK'7 (mis)
200 ; Comb. bkg. —;
150E ----A2—> Aty e
o iy syl
100E", b
SOF . A,
0:'“'1"‘1. S P TP
5400 5600 5800 6000

2024/11/05

m(Amr+m) [MeV/c?]

Preliminary
~ —T | L
L 200 LHCb. 9.0 fb! E
w> 180 — Total fit E
s 160 — A AK T E
e [ —ZE > AK 1 E
o~ —_ 3
— lﬂ) === Ay At (mis) 3
z 100 - A= AKK'(mis)
= 80 Comb. bkg. —;
% GOET It/ N s AK Ty 3
g 40 " W, A= AK m° _;
@] . =
e R asc
5400 5600 5800 6000
m(AK~m*) [MeV/c?]
Preliminary
& 400 T T T T g
L LHCb,9.0 b
Z B0g  (d) — Total fit E
=0 —_
= 300 — A~ Antn =
& 250 —IpoArT g
g ===Ay— AK T (mis) 3
o 200 Comb. bkg. E
= 150 Fpd V0 e A Ay 3
-% 1-0 [————_T e Ay~ Antaa®
cu -----
S 50 R S
[y & T T T B
5400 5600 5800 6000

m(Artm) [MeV/c?]

UCAS, Wenbin Qian

LHCb-PAPER-2024-043

A) > AK ™
AAcp = —0.118 + 0.045 + 0.021

Consistent with O within 2.4o0

A) - Amtm
AAcp = —0.013 + 0.053 + 0.018

Consistent with O
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CP violation measurements (2) L HCb-PAPER-2024-043

Preliminary
S T -+ T17 T 1T 1 5 F T T T T T T T T T T
© : -1 i < - -1 .
2 s500F e JHCH 20 ] S 500 e LHCb,9.0 fb 3
> 400 I e = N B
ST — 5= AK'K” 18 —Z> AK'K" ]
< 300F - Ay AKmis) 4 300F < ee B AR+ (uns)
§ : Comb. bkg. ] § : Comb. bkg.
S 200 |} - AV AK*Ky 1 S 200 0 -
- p— : L I AO AK"’K—IIU i -— : ----- Ab_)AK K }/
2 ook i v 2 ook TL To—s AK'K 7
< 100 T y 1 « 100 -EJ b
O F §+, , ] © bty ]
0 .'....u_a_dzll . N Rk i i ok 4l L X Pt e
5400 5600 5800 6000 5400 5600 5800 6000
m(AK'K") [MeV/c?] m(AK*K") [MeV/c2]
0 _
A% - AK*K

AAcp = 0.083 + 0.023 + 0.016

First evidence of CP violation, 3.1c

Three body decays, need to know which resonance contributes
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Dalitz plOt distributions L HCb-PAPER-2024-043

— 25¢
A?) - AK+K_ }l [ LHCb 9.0 b~
25 Yields & o A > AK*m-
i L = I b
= | LHCboo 1 1 170 &7 0
> i 0 e ] :Ef-« 10f Mainly Ab - N*tm~
O 20 A— AK'K- - 160 - small ibuti
) i i B mall contribution
= I A) - A¢ : from A) » AK*
lM 151 Ap — Af(150 % 10 20 30 0
- [ mX(AK*) [GeV?¥/c4]
&I 1ol e Preliminary
NS [ % F (©) LHCb 9.0 6! ] 18
i = 201 A= An'm 16 _
N g C 14 A(I)) — AT’:+7T
5 i E‘ 15F 12
i ko 0 Mainly 4) - Af(980),
00 10 5 5 s 5 6 A9 - Af,(1270)
2
. I m2(AK™) [GeV%/c4] b
Ab - N*+K_ Preliminary m2(ATY) [GCVZI'C“]
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Looking into Dalitz plot (A}

AAcp(N**m™) = —0.078 + 0.051 + 0.027

No evidence of CP violation in resonant
regions (quasi two-body decays )

AAcp(Af) = 0.088 + 0.069 + 0.021

2024/11/05

+
— Ah T )

— 25 pm———— 70

;i : LHCb 9.0 fb~' 50

> 20f 0, AK"

> 20[ A AK T

O I 50

& 15t 40

S 20
! 10
% 10 20 30 0

m(AK*) [GeV?/c4]
Preliminary

f 57— 20

= (9 LHCb 9.0 fb-! ] {18

5 20F A Artr 16

© 14

(ARE 12

w f 10

X 10 8

3

L

m2(A) [GeV¥c4]

LHCb-PAPER-2024-043

A) - AK*mr~
Mainly A) — N**r~
Small contribution
from A) » AK*

A) - At

Mainly A) — Af,(980),

A - Af,(1270)

UCAS, Wenbin Qian



Looking into Dalitz plot (A}, > AKTK™)  trcoeareraoenors

. Yield
Preliminary = 251 ————
T R T N LHCb 9.0 76§ 170
o I e e i zson > 20H s AK'K
E 120F — Total fit k E 120 — Total it (8 I b
< 100f R - S B S ) S o e = | AY > Ag
-~ F — Z,— AK'K 1 ~ —Z, -5 AK'K” - b
3 . A AK'rmis) ] § i === 7A,— AK 7*(mis) ™ 15__ Ag - Af(150
-g 60 Comb. bkg. 3 -g 60 Comb. bkg. -}_M -
5 S A A= AKK™ g a0 0 1Y = Ao AKK- -
T gt T LEE T . = % ol
U 20 1 U 20 2 (] |
E N .&;‘#-_{LWW—‘—' bbd py 0 + Vi ek —{:- E o
50400 5800 6000 5400 5600 5800 6000 i
m(AK'K") [MeV/c?] m(AK*K") [MeV/c?] 5
AAcp(N**K™) = 0.165 + 0.048 + 0.017 o . n ~
First evidence of CP violation in 0 I*+ nf(AK*) [GeV?/c4]
local resonant region, 3.2¢ Ap > N°K l Preliminary
region

Consistent with 0 within 2.56 prD107 (2023) 053009
Predicted CPV (resonant), ~1.5%
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AAcp(Ad) = 0.150 + 0.055 + 0.021



https://doi.org/10.1103/PhysRevD.107.053009

CP violation in A}

« Many N** contributions:

.
Vb Vud/s

, NTr scattering N‘;
<=V-A 'g'

0 =
Ab ':U[) :@T\/ﬁ E
b=
o

Different e

scattering

amplitudes 4
13

%

M
P
.

strong phase

weak phase
2024/11/05

- N*tK~

N(1520),N(1650),N(1680), N(1710) etc. difficult to untangle
Scattering input from SAID program

CPC48 (2024) 101002

14 15 16 17 18 19

Mp++,-

UCAS, Wenbin Qian

o/ 524 n-N
Ps A1k gl Xx
x"kllﬂlr ......................
e augtTT Y
e ‘4 : 4’. §
30%
. 20 %
10 %
0
-10%
I-m%
-30%

GW % INS DAC Services (sAm Program|

« The SAID Partial-Wave Analysis Facility is based
+ New features arc being added and will first appear
always welcome.

o Dita Arialyili Corat — | alysis
Institute for NdearS!d;es

Instructions for Using the Partial-Wave Analyses

The programs accessible with the left-hand side navigation t
.v-n-me lhrwg)\ the SAID program. Contact a member of ¢
1f you enter choices which are unphysical, you may still get
garba,geou it rule). Please report unexpected garbage-out 1o t

Note: These programs use HTML forms to run the SAID co
setup first. The output is an (edited) echo of an interactive s¢

oo sty SSH version. Ifthe default example fails o claify the speci
Kaon Photoproduction mail message).
Eta Photoproduction

Al pect energies in MeV units. All of the soluti
oo ) neProton  Some arc unstable beyond their upper energy limits. Extrapc

‘The programs will not allow an arbitrary numk:

CP violation as
large as 20~30%
expected
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https://doi.org/10.1088/1674-1137/ad75f4
https://gwdac.phys.gwu.edu/

Studies of A} — ph~ decays
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An aIyS 1S Strategy L HCb-PAPER-2024-048

« Golden channel to search for CP violation in baryon decays
* Predictions ranges from few percent to as large as 30%

« Two different strategy taken for Runl data and Run2 data

h
AVD = AAg,, — AAD — AAD — AApyp

+_
Acm

—AAp — AAt + Agp

ph _ ,poh  ,»p ,h b ,ph
ACP_ARaw AD Ap APID ATri Ap

« Production and detection « A - A} (> pK~m*)m™ used as control

asymmetry all measured by channel to cancel production asymmetry

calibration channels « AAp = 0 by default by reweighting

« Used directly to obtain A’C”; kinematic

Afm~

- A, =0in SM
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Results of A-p measurements LHCh-PAPER 2024-048

.
wn
=
)

&
3

T e e T " 1 * Noclear asymmetry observed directly
R - -_.élgw------ﬁ-- = e : :
2 3s0r e e = S from invariant mass plot
¢ pK F e I T, _
oo B I * Run 1results (updated with much smaller
U200 3 U 200
29K signals:i systematic uncertainties):
‘ E 100
- ] K~
; S0l APY = (—0.27 4+ 1.55 £ 0.57)%,
0

ST e e e 0018 Mag o f,,g,p,?gewcgz AP = (—0.59 + 1.86 + 0.53)%,

—r [ T+ [ T T [ T ~ L L E e I e e s

S asol LiCo1s B B 4o 4 e Run 2results:
2 BT e e e =} A K
2 ol S horr 1 Sk nist S APS = (—1.3940.75 + 0.41)%,
¢ ipm = i 15 1—97-[+ e ] _
5;.50- B I PP — P by, ] AL = ( 0.4240.93+0.42)%,
“ 1.9
100} 19K signals.if , _
: & ] b « Combined: 9.6% correlation
QLY APET = (—1.14 £ 0.67 £ 0.36)%,
L PO Pfglmf;‘n a;-; 3 e AP = (1 0.20£0.83 +0.37)%,
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SyStem atic uncertainties L HCb-PAPER-2024-048

Run 1 Run 2
A —pK= A)—pr~ A} pK~ A)— pr—
Fit model 0.05 0.15 0.05 0.15
Particle identification 0.25 0.25 0.15 0.16 | PID uncertainties from calibration,
TIS trigger 0.12 0.11 0.04 0.04 reduced with more data
TOS hardware trigger 0.20 0.21 0.10 0.10
TOS software trigger 0.33 0.32 0.20 0.20 | Estimated with control sam p|e’
P?ton geEeCE?On gég 0.10 8-% ggg validated with simulation, reduced
aoll detectlon . - ) . :
Pion detection - 0.10 0.04 0.04 with more data
A production 0.12 0.13
| Control samplesize - - 028  0.28 ]JDominant systematic uncertainty,
Total systematic 0.57 0.53 0.41 0.42 reduced with more data
Statistical 1.55 1.86 0.75 0.93

No crucial systematic uncertainties for future improvements
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Why CP violation in A} — ph small?

- Sizeable CP violation found in B, - h*h'~ decays

« Many theoretical predictions also give large CP violation

Decays B >m*n~ BY-om'K~ Ay-opn- B> K'mm B> K'K- AY > pK~

Direct CPV (%) —31.4+3.0 224+ 1.2 0.20 £ 091 8.31 £ 0.31 16.2 + 3.5 —1.14 £ 0.76

d (s)
B a Same Feynman diagrams, only
w spectator quark(s) different
- - U
d - d +
" . . Possible additional

W-exchange diagram
in baryon decays
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Possible explanations

« Small strong phase difference?

A= alez‘(61+¢1) + azei(62+¢2) A= alei(61—¢1) + azei(‘52‘¢2)
_ . ,
A — [AF o i 81 — 6,~07? a a
Acp = :A:2 m :A:z o sin(dy — d2) sin(¢; — ¢2) 1 2 rs=— p= —i
« Complications in baryon weak decays Eff4ective reduction on sensitivi;[y
n"-
4]
Bt > 1Bt +0- _ X35 09
------- Cancellation between 2 3 g_s,
t S, P waves ”s o

0.5

2

S + P waves arXiv:2409.02821 s 04

Ny o pr Mo — pK- ) 1 03

Br 33 x10°° 2.9 x 10~° 0.2

- General phenom. 5 0.1
Adiz, 4.1% —5.8% E

AZp 0.15 —-0.05 -2 0 2

AGp —0.07 —0.23 arXiv:2112.12954 Ops - Opp
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https://arxiv.org/abs/2409.02821
https://arxiv.org/abs/2112.12954

Phys. Rev. 108 (1959) 1645

Can we do more?

« More complicated, but also add more information
Decay parameters, first proposed by Lee and Yang (1959) to study hyperon decays
2R(S*P) 2|S||P| cos(6 + ¢)

; ax = % =x
P ASER PR YT sE TP
a-?Azo:B‘
b= 1 23(5°P) _ , 2ISIIPIsin(s £ ¢)
TOOTISEHIPIZ T T ISI2+ (PP
_(@+ B, cos6)z’ + BRY + YRV 2 2

P"— + O F, Cos S B P

oEiend y=II |P| a?+B%+y? =1

ISI17 +|P|?

8: strong phase difference between S and P waves

« New CP observables: ¢: weak phase difference between S and P waves

+ T b= + — P-
Ay = % = —tan(d) tan(¢) Rg = % = tan(¢) Rg, = % = —tan(9)

UCAS, Wenbin Qian
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LHCb can contribute arXiv:2409.02759

« Several decay chains considered:
A) = Af (> AR~ A - prc™
A% — Af (- pK)h™

a0 X (14 apa cos by + aea cos by + apag cos 0 cos by

— Y5 Sin B sin 63 cos ¢y + B0 sin By sin G, sin @)

ab:A% - AJgh‘ ac',Bchc:A-g — Ah*

A} rest frame

ap:A) > Ath™ aq: Af - pKQ

A} rest frame

AY rest frame

A9 rest frame é

5
% = 1+ apa,.cosb

A rest frame

ag:\ - pm~
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https://arxiv.org/abs/2409.02759

Results of decay parameters arXiv:2409.02759

A° A+(—> sz)h_ A° A+(—> Ah+)n
Ego00f | 1 & ' T : o .0 A
80001 Lnch,o0m ! 70 pvy S 2000F A-Aiame Aoscoache e First determination of ain A4 — Afh
= L A AN KT b ct = [ +Data ~+ Data(x10) ]
g ata Z —Fit —Fit (x10) .. _
S o000 1 Zis00f decays (precision ~0.9% for A ")
- P A=A —pKIK -~ L ) ) ) )
4000 e 10005 1 * Most precise determinations of a, (B,y) in

2000}

.
SOOW Af - pKY (precision ~1.4%) and A} - Ah*
LHCb,9.0fb™"

0 +r— +
Ay = Ak Ar > AKT T decays
o0 0 0.5 1 T R ] 1 _ _
(cos6) (cos8) o  Confirmation of a(A - prr™) from BESIII
w T UL 6_; *I'_')I;;;;;L' = r T T g'_> ‘:_; ﬂ'*lJrl' . . . .
gmo_ LHCb, 9.0 fb Ao 3 E o0k ticn.som Aimdiann ; (significantly higher than previous
7] —Fi g L —+ —Fit
3 o] & F Meneakoe]  measurements)
= 1500 A Daaeaoy S 1500 +?ala(x30) ]
. - + —Fit (x10) A . . . . .
F A - A — Fit (10) 5t 1 « Results consistent with no CP violation in
1000 .2 1000
L - E
o

both A, and Rg, (precision ~2% for Afm™)

500F 500F .
OEI OEIAJ{ — AKTT T . 1+ Pave the way for other decay parameter
-1 5 -2 0 .
(cos9> <¢ ) lrad] measurements (more sensitive)
A% - Af (> AR A9 - Af (> AR
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https://arxiv.org/abs/2409.02759

We can understand with £, — At~ decay PRD108 (2023) 072002

x10°

& r ata, 5.5 fb”! % e LHC _ _
%SOOLLHCb ilI:;ultlfit55fb E :ITSD:a,S.Slb" A% . A-g (_) pK T[+)T[+Tl' T[+
=T —E A % | S
¢ s R B=(47+7)x107°
@ Comb. g éo—n.\:i;n’;:;i:l i
5200 N~5 x 10°
1001 e S
NAfn*tn—nt) = 154 + 23
AT

50 M(A%™) - M(A9) 10:?7,,- [MeV/c?] N(Atn™) =126+ 19
g‘m:‘uleCb 0 N e
: Ap > Ac(= pK™n™)m B(E, — A7) = (0.89 £ 0.10 & 0.07 £ 0.29) %,
B B = (3(13_% 2.8) X 0(100) events expected for £, —» A)(— ph™)m~

5 .
N~9 x 10 decays for « measurement adding LHCb Run3;

Sico 5005800 5700 5a00
M(Asx7) [MeV/c?]

more information on the small A.p in Ag - ph~
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072002

CP violation in baryon decays in near future

* Hyperon decays: A = pmt~ (3.2M events from BESIII)

a_ + ay 3 With Super z-charm factory, sensitivity
=—(2.514.8)x 10 around 10~%, approaching SM prediction

a__a+

Charm decays: AY —» prtn,pK™ K~ (LHCb, Runl, A} from b decays)

With prompt Af and Run3 data,
precision less than 1073,
approaching SM predictions

Acp(Af > pKT*K™) — Acp(Af » ptm™) = 0.003 +£ 0.011

Beauty baryon decays:
* Further explore channels with more data: Ag - ngh‘ (Run 1), Ag - J/Yph™ (Run 1),
A - prn~ntm™ (Run 1 Acp, Run 142 TPA), A) —» pK~n*m~ (Run 1) and A) — pr®h-

* Especially A) - pK~n*m~ (AY — pr®K~), which also contains resonant contributions

from A) - N** (- prtn™)K~ (A} - Nt (- pr®)K™)

Unknown suppression factor (QCD related), luck needed to find where it hides !
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What if we find 50 CP
violation in baryon?

Next question: is it SM?
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y measurements in A} decays LHCh-CONF-2024-004

« Measuring angle y in A? decays help answering

. lOLHC SRR A AR W L docys |  Angle y measured in different b hadrons
| | Preliminary =gi?ca’:’:
— 0.8ﬁSummer2024 e;&e:ﬁ +. +32 o

I B Al Modes | * B": (63.4733

0.6} . po. +6.5v0
I B: (64.6_75) A non-zeroy
0.4 . pRO. +10.0y0 indicates CP
OOOOOUROPOOPOOIE | OO o= T BS . (75 0—110) Vi0|ati0n

. Ag: no measurements yet!!!

Provide additional way to search CP in
v [ baryon decays

 LHCb has already made a first step
forward
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https://cds.cern.ch/record/2905625/files/LHCb-CONF-2024-004.pdf

Observatlon of ADS mode in A - DpK

300

PRD104 (2021) 112008
DT (b - u)

- LHCb —e— Data LHCb —e— Data _'

& fom 4 ﬁg; DpK- g 100- ot Bot_,DpK- ] Can be used for for y?

Q B 5 ;. Q - b - PaN

; 250 ~ Coombmatonal =] ; . Combinz:torial i T T T — .—_

> - . | (. A, nglg 5 S0r wm=e A) 5> DpK™ 14 i

B =, = p—

=200 fi 8—>D57r 1 = } L2} ]

e F M -Dpr 1 2 60 N ]

= 150F ek 4 X > 10} :

8 ‘ 1 8 Ll <) :

g 100} 5 T c ;

B C eS| 6L -

8 50 g 20F - &

o b &) = 4} oy
0 ~ “s PR, S * T 0 o e .. S L m S :-_-.'
5400 3500 5600 5700 5800 3900 5400 5500 5600 5700 5800 5900 2f LR

M(DpK") [MeV/c?] M(DpK") [MeV/c?] 0 15 20
1437 + 92 241+22 M*(Dp) [GeV?/c*]
*+
Favored: A) — [K~m*|pK~ Suppressed: A) —» [K*n~ [pK~ Ac ({’._’ c) A (b c+
not sensitive for y
b—-u)

b —» u and b — c similar level: suitable
for Yy measurement
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sensitive for y
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112008

Acp measurements in A} —» DpK PRD104 (2021) 112008

2 2
Full phase space M*(pK) < 5 GeV
6()_""|""|""|""\""_ 60_“"I""I""I""I""_ FrrrTrr T T T r~TrrrTTT T FrorrorTTTT |""|""|"":
t LHCb e Data 1 - F LHCb —e Data ] o 45;‘ LHCb —e— Data ‘5 — 455‘ LH(_ilb —— Data E
& p°" o % s0p°" el S A0F iy csceviee am N§ O Wiy cscevies DK 3
; E 0 weme AL 5 D'pK- ) E =0 ----Zﬁ—)D}TK* Q 355_ 0 ----Aﬁ—)D'pI(‘g v 35F — ""T;%D'EK*_E
fo M T B RS |
SO EI ] 1 °
3 I g 0 13
2 204 1 3 20§ ] g 15¢ [ {1 =5
= . t 1 B8 b S 10f i ER=
R * 1 8 woff 8 -
ERUS 18 ST A S ospTE M IS 7
b it A4 A b, il Lt B TS 1003500 3600 3700 3800 3900 50400 3500 3600 5700 3800 3900
540033055600 5700 5800 5900 540033003600 37005300 5900 0
M(DpK) [MeV/c?] M(DPK*) [MeV/c?] MDpK) MeVic] M(DpK'yMeV/e]
0 - + - _ +04
B(Ay = [K " |ppK™) A=0.01+ O.l6(stat)f8_'8§ (syst).

A=0.12+ 0.09(stat)f8_'832,(syst),

_ B(A) > [K*77]ppK") - B(A — [K-7*]p,pK")
B(A) > [K+7|ppK™) + B(A) > [K-x*], pK™)
Extracting y complicated, more channels/data, better methods needed
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112008

Most important: more data coming

e With our new LHCb detector, already collected more data than Run1+2

* More importantly, full software trigger =» better performance on hadronic final states

>
New New UT ed M1 R e e
2 R
. E s e
p|)(e| 7 LHCD Preliminary 2024 ~ .
Similar PID 0] 44 ALLK-m) >0 .
Velo 44 ALLK-1)>5 -
performance A
02 =K =]
—B—_E_ _B__E_-E-E-E-
N 0.0 o = ﬁ i —a
§CIFL - 20 40 60 80 100
racker e f — Momentum [GeV/c]
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Removed PS/SPD and
new readout
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Conclusion

CP violation crucial for understanding matter antimatter asymmetry in Universe
However, CP violation in baryon decays not established yet

LHCb experiments fully explore its potential on baryon CP violation

Evidence of baryon CP violation found in A) —» AK*K~ decays (full phase space)
and in local resonant region A) - N**K~

Precise CP violation measurements also in A) - ph~ decays, further

understanding of the small Ac-p needed

Stay tuned for more interesting results on baryon CP violation from LHCb
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Thank you for your attention!
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Further investi 0 ation LHCh-PAPER-2024-043

B B
LHCb, 9.0 fb™'

Ay~ AK' 7]

LHCb, 90 fb!
Ag—> Axtm™.

m(AK") [GeV/c?] m(AK") [GeV/c?] m(Ar*) [GeV/c?]

(a) (b) ()

« Less resonant dependence binning: adaptive binning approach (efficient when
events are huge)

* Due to lack of statistics, no bin has significance more than 3o
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CP violation induced by different components

_ 10 - isobar o am * New types of CP violation found by the LHCb experiment
8 kMatre  + Data in BY > mtm~m" decays: CP violation through
o - o
= sl rj[ [I_. interference between S- and P-waves
P 1T ]L 1.
= H+J‘r+4‘ Jrjr J[ {H'{ Fort J[ * Similarly, also in b-baryon decays, affecting search of CP
e 0.0 Fk- +__ T T e . .
S b violation
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hel
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CP violation phenomena

1964 1999 2001 2004 2012 2013 2019 2???
CP violation Direct CP  CP violation in Direct CP Direct CP Direct CP Direct CP Direct CP
(in mixing) in  violation in mixing and violation in  violation in violation in  violation in violation
neutral Kaon neutral Kaon  decay in B® B? decays B* decays BY decays D decays in baryon
decays decays decays decays

Not only rich our understanding, but also provide new mechanism
for generating matter antimatter asymmetry

Direct CP violation CP violation in mixing CP violation in interference between
mixing and decay
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