Everything of baryon CPV
Why? What? When?

FigH
K

4th LHCb workshop @ Yantai, 2024.7.30



Outline

1. Why baryon CPV? Motivation
2. \Why not yet observed for baryon CPV?
3. What process and When to observe baryon CPV?

v New proposal: N rescatterings



Outline

1. Why baryon CPV? Motivation



CP violation

Particle physics: study symmetries and symmetry breakings.

-Charge-Parity symmetry violation (CPV) is the key problem
of flavor physics,

See the logo of LHCb and Pellian’s talk on LHCDb review.

‘Belle and BABAR observed direct CPV in 2004,

=> KM mechanism wan the Nobel Prize in 2008.
*Workshops of flavor physics: FPCP, CKM, HFCPV.

*The only one phase in the 18 SM parameters.
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History of CP violation

*1956, Parity violation in weak interaction
*1964, Observation of CP violation in Kaon
»1973, Kobayashi-Maskawa mechanism

«2004, Observation of direct CPV in B meson

«2019, Observation of direct CPV in D meson

TOP10
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History of CP violation

*1956, Parity violation in weak interaction
*1964, Observation of CP violation in Kaon
»1973, Kobayashi-Maskawa mechanism
2004, Observation of direct CPV in B meson

«2019, Observation of direct CPV in D meson

BREAKTHROUGH

-CPV of baryon? Never established! Why? What? When?



CP violation in baryons

» Sakharov conditions for matter-antimatter asymmetry
of the Universe: 5

1) baryon number violation
2) C and CP violation
3) out of thermal equilibrium

CPV: SM < BAU. => new source of CPV, NP

Matter vs  Anti-matter

* The visible universe is mainly made of baryons.

- It is of great significance to search for baryon CPV.




To be or not to be:
Whether CPV of baryon is from SM?

Not sure until observation !

+1865, Maxwell electromagnetic (EM) theory Michelson-Morley Experiment

— Wind
»1887, Herz successfully observed EM waves \ -

l -
+1887, Michelson-Morley failed to find the Ether Light : /b/ - | —
Source
St |
] ) ) ) ) Splitter

‘Precise test of the SM is important, in particular e
when something is not established. First American winner

_ o _ of Nobel Prize
* Theoretical prediction and experimental searches
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New horizon

*Observation of gravitational waves
=> not only confirm the General Relativity,

=> but also open the Multi-messenger era of

cosmology.



New horizon

*Observation of gravitational waves
=> not only confirm the General Relativity,

=> but also open the Multi-messenger era of

cosmology.
*Meson -> Baryon : More is different. 2-body
‘New QCD dynamics: exclusive baryon. ®

*‘New challenges and opportunities.
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2. Why not yet observed for baryon CPV?



Puzzle & Opportunities

_ I, Ny,
* LHCDb is a baryon factory!! — ~0.5 = ~ 0.5
fu,d NBO(—)
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Puzzle & Opportunities

A, Ny,

~ 0.5 ==l
Jud Npoe-

~ 0.5

* LHCDb is a baryon factory !!

Precision of baryon CPV measurements has reached the order 1% [LHCDb, ’18]

Acp(A) = pr) = (=352 1.7£2.00%, Acp(A) = pK") =(-2.0+1.3£1.0)%

*CPV in some B-meson decays are as large as 10%:

Aqp(BY = 2ty = 31.1+£3.0)%, Aqp(B® = ntK™) = (8.36 = 0.32) %

It can be expected that CPV in b-baryons might be observed soon !!
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* LHCDb is a baryon factory !!

Precision of baryon CPV measurements has reached the order 1% [LHCDb, ’18]

Acp(A) = pr) = (=352 1.7£2.00%, Acp(A) = pK") =(-2.0+1.3£1.0)%

*CPV in some B-meson decays are as large as 10%:

Aqp(BY = 2ty = 31.1+£3.0)%, Aqp(B® = ntK™) = (8.36 = 0.32) %

It can be expected that CPV in b-baryons might be observed soon !!

* Puzzle: why not yet observed for baryon CPV? What difference of dynamics?
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Different dynamics of baryon decays

-Baryons are very different from mesons!!
*Non-zero spin, more information from polarizations and partial waves

*Three valence quarks, need at least two hard gluons

SCET: leading-power is one order of magnitude smaller than the total one

-Leading power: £,(0) = — 0.012 [W.Wang, 2011]

-Total form factor: £,(0) = 0.18 [Y.L.Shen, Y.M.Wang, 2016]
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A\, decays in PQCD

In 2009, form factors are two orders smaller than LatticeQCD/experiments,
considering only the leading twist of LCDAs [C.D.Lu, Y.M.Wang, et al, 2009]

In 2022, when consider high-twist LCDAs, results are consistent with LatticeQCD.
[J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2022]

Lattice/exp PQCD(2009) PQCD(2022)

0.22+0.08 §0.002+0.001}§ 0.27£0.12

In 2024, it can be understood why CPV of b-baryon decays is so small by PQCD
[J.X.Yu, J.J.Han, Y.Li, H.n.Li, Z.J.Xiao, FSY, 2024]

Acp(Ap = pr7) = (105153509 %o Agp(Ay = pKT) = (=5.8103733110) %

AZP(N) —» pr7) = (=352 1.7£2.0)%, 154;;10(/\2 > pK)=(-20%x13+1.00%



CPV cancelled between S- and P-waves

. [
penguin: tree: A,,[\ , . \p
U d > d U
T
i, (1 —ys)uy, q" wyy, (1 —ys)uy, — my i,(1 +ys)uy,

Ny = pr” i Ap=15%, Agp=—T7%, Agp=&123%759) %

-CPV of S- and P-waves are as large as B mesons, but cancelled with each other.
-Baryons have spinors and Dirac structures, and thus partial waves.
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Multi-body decays

*More resonances, more partial waves, thus more chances.

.30 evidence in A, — przm [LHCb, 2016]. But not observation until now.

.Total CPV of multi-body decays are usually < 10 %, due to the CPT
theorem and thus identical lifetimes of particle and anti-particle.

‘But regional CPV could be very large.

Apt it re—nt = —0.115 £ 0.008 ,
Aptx+ -+ = —0.0365 £ 0.0036 ,
Api v+ =0.076 & 0.005

(N
i

« S- & P-wave
Interference,
£,(500) — p(770)

o
-

[W—
()]
-

m2(1'[*”r[3high [GeV?/c4]
=

-Dynamics is important. Search for

large regional CPV

14 M), [GeV/c!]



Outline

3. What process and When to observe baryon CPV?

vNew proposal: N7z rescatterings
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Multi-body decays of A,

.For first observation of baryon CPV, it must be multi-body decays of A,
*Advantage: more resonances, more chances for large CPV

‘Disadvantage: Too many resonances, and with large uncertainties

N(1700) BREIT-WIGNER MASS 1650 to 1800 (~ 1720) MeV
N(1700) BREIT-WIGNER WIDTH 100 to 300 (= 200) MeV
N(1710) BREIT-WIGNER MASS 1680 to 1740 (= 1710) MeV
N(1710) BREIT-WIGNER WIDTH 80 to 200 (~ 140) MeV
N(1720) BREIT-WIGNER MASS 1680 to 1750 (=~ 1720) MeV

N{(1720) BREIT-WIGNER WIDTH 150 to 400 (=~ 250) MeV

Close to each other, with large decay widths. No clear dominant one.
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Nr scatterings
Nrr — Nr

6/ 5/24

- N* usually from Nx scatterings

6/ 5/24

Kaon Photoproduction

Eta Photoproduction

Eta-Prime Photoproduction
Pion-Deuteron (elastic)
Pion-Deuteron to Proton+Proton

mail message).

All programs expect energies in MeV units. All of the soluti
Some are unstable beyond their upper energy limits. Extrapc
Increments: The programs will not allow an arbitrary numt

WCM = 1100.0[ 25.0] 2500.0 MeV

N 0.67_ - - ' ' -
=t - |
- - gl
E | E| g i)
-Data from SAID m |
dla 1o rogra = = I
E I =l
https://gwdac.phys.gwu.edu/ 2 £l
[ }
. ol 2 iy JLbbit
GW .9‘% INS DAC Services [SAID Program]| o2 | oz F |¥ Tﬂpm T P 4T 1 '{ ! t
4'!9 t
aSUDVa -0.32 -0.11 4 : : : : .
(R WCM = 1100.0[ 25.0] 2500.0 MeV WCM = 110000 5.0] 2500.0 MeV
— Data Analysis Center — . 1T\Ihe SfAIt]l)1 Partial;)Wave 13(r11a(11ysii1 Faleilligy is based
. . » New features are being added and will first appear
Institute for Nuclear Studies Abyeers el 6/ 5/24 7t-N 6/5/24 1t-N
THE GEORGE WASHINGTON UNIVERSITY 0.35 ; - T1 0.68 .
WASHINGTON, D -3 N
| SHINGTON, DC Fl‘ - P13 I EXJX’X ;»X‘Xx/x ’ =t
e il LRt T 7] '
INS DAC Home - /XXZ - I = |
» INS DAC [SAID] g | (! R =
INS Home Instructions for Using the Partial-Wave Analyses = /S XRXXIHXXHIOCOC s -
Pi-N Newsletters . f" | i
Obituary R.A. Arndt The programs accessible with the left-hand side navigation t = | -
' available through the SAID program. Contact a member of ¢ E E I
Pfsr:iealL'cstV‘r{]i:i’fn :\]nalyses at GW If you enter choices which are unphysical, you may still get ) —
Pion-Nucleon garbage out' rule). Please report unexpected garbage-out to t - i
Pi-Pi-N
Kaon(+)-Nucleon Note: These programs use HTML forms to run the SAID co [?) I [?, I
AEERHIIEEDD setup first. The output is an (edited) echo of an interactive se Lt oAt
Pion Photoproduction . . . .
Pion Electroproduction SSH version. If the default example fails to clarify the speci: -0.24 034

WCM = 1100.0[ 25.0] 2500.0 MeV

-Partial-wave amplitudes with strong phases!

-Data driven, model independent. Skip resonances, more precise strong phases.
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CPV from N scatterings
VaVie YN A = 81/2./40

u
U

vy
0
e ﬁ 0
;‘ N

Vip th/

ViAo (T
*Penguin: . C: )::

-Short-distance °Long-distance
weak decays N7 scatterings

J.P.Wang, FSY, 2407.04110
‘weak phase strong phase
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CPV from N scatterings
VaVie YN A = 81/2./40

u
U

b
Tree: Ag‘ ﬁ :\/‘:: - Different chirality
' U N . .
d

= different helicity

thvtd/ = different partial waves

V+A=> n = PWA interference
*Penguin: :\/‘:i = difference of strong phases

= CPV

-Short-distance °Long-distance

weak decays  Nr scatterings

J.P.Wang, FSY, 2407.04110
‘weak phase strong phase
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CPV from N scatterings

*Suggestions: processes

(Nm — Nn) : Ag — (paha~, (pa°)K~

(Ne—> AK):  A) - (A’KHz~, (AYKHK-

(Nm — pan) Ag — (pr*n)x~, (parn)K™

0

-Currently, only consider N& — px’ and Nt — A"z~ to show the results

Nz — AK and full analysis of N» — pr T~ will be done in the near future
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Dalitz CPV from |

__Npo(pr)

3.
Nr scatterings -,
1.
_
. | | | 12 14 16 1.8 20 22 24
*All information are in the Dalitz plots Mot
......... And (0 S
In some regions, the local CPV could 41_ -
reach 20% or even 30%. |
2f
J.P.Wang, FSY, 2407.04110 A

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
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Global CPV from N scatterings

N scatterings decay processes global CPV CPV of cosf < 0 CPV of cosf > 0
Nt — AT e~ |A) = (AT a7 ) K~ 5.9% 8.0% 3.6%
myx € [1.2,1.9]GeV | A) = (AT 77 )m™ —4.1% —5.4% —2.4%
N7 — pr’ Ay — (pr°)K~ 5.8% 8.2% 2.7%
mnr € [1.1,2.5]GeV| A} — (pr°)n~ —3.9% —3.9% —3.7%
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CPV of Legendre moments

dl’ _ Awem A (pre)K™
X E L, P,(cos @) 20f ) J e ——
dcos 6 | | 0l
n=0 15 !
B | & 10§
\‘% 10: g& 0;._ fe— | |
0 - - . < <§:J_1o§-
of--——rmr—r———— -1 -30f _ _ _ _ _
<. = (1, -0.10,0.20, — 0.05,0.009,0.05) 1 2 3 4 5 6 1 2 3 4 5 6
Legendre labels n Legendre labels n
A — (pr)K~ e et
20} : [
105. 60}
(1,-04,04,—-0.5,—-0.03,—0.12, — 0.005) <« | T sl
g Of-- - - Do | l"". ;{ |
& | < 20}
-10} ,
0:.-__ e i x10°
-20F - _ - _ _ -
1 2 3 4 5 1 2 3 4 5
Legendre labels n Legendre labels n
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Summary and outlook

» Baryon CPV is a new horizon of
heavy flavor physics.

* We propose a new CPV mechanism
from Nz scatterings

- Large CPV could be observed soon.

- N7t scatterings can be used in
amplitude analysis.

Thank you!
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Ap — pr™ S| #(S)° Real(S) Imag(S) | P d(P)° Real(P) Imag(P)
T; 705.23 0.00 705.23 -0.00 999.83 0.00 999.83 -0.00
T+ 59.39 -96.19 -6.40 -59.04 261.83 -98.04 -36.63 -259.26
C’ 28.67 154.23 -25.82 12.46 41.12 177.74 -41.09 1.62
E, 68.37 -143.60 -55.03 -40.57 74.29 122.16 -39.55 62.89
B 9.98 87.19 0.49 9.97 12.75 -115.34 -5.45 -11.52

Tree 623.26 -7.11 618.47 -77.19 901.03 -13.23 877.10 -206.27
Pt 58.38 0.00 58.38 0.00 2.90 0.00 2.90 0.00
P} 1.35 -109.77 -0.46 -1.27 10.71 -97.31 -1.36 -10.62
pPC©? 13.23 -115.55 -5.71 -11.94 15.15 69.75 5.24 14.21
PEY 8.92 -88.28 0.27 -8.91 8.59 112.64 -3.31 7.93
pPB 1.38 -43.29 1.00 -0.95 1.27 -177.04 -1.27 -0.07
pPEi 4 pE2 3.55 -103.32 -0.82 -3.46 2.13 5.67 2.12 0.21
Penguin 58.97 -26.74 52.67 -26.53 12.44 69.67 4.32 11.67
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Ay = pK~ S| (S)° Real(.5) Imag(S) | P| d(P)° Real(P) Imag(P)
T 865.26 0.00 865.26 -0.00 1230.27 0.00 1230.27 -0.00
Thyt 59.55 -96.39 -6.63 -59.18 346.03 -97.78 -46.84 -342.85
Es 89.83 -139.95 -68.77 -57.80 81.80 121.73 -43.02 69.57
Tree 798.47 -8.42 789.86 -116.98 1172.70 -13.48 1140.41 -273.27
Pfl 76.56 0.00 76.56 0.00 3.29 180.00 -3.29 0.00
P,SJ} 0.96 -122.66 -0.52 -0.80 14.20 -93.96 -0.98 -14.17
pPEY 11.73 -90.78 -0.16 -11.73 10.94 114.13 -4.47 9.98
pEY 7.33 -96.70 -0.86 -7.28 2.53 52.22 1.55 2.00

Penguin 77.61 -14.79 75.03 -19.81 7.52 -163.11 -7.19 -2.18
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 [ree:

*Penguin;

CPV from N scatterings

VUb V;d/s d / y

u

/K™

A = S12 A

2

o
y N

th th/

n <; 0

-Short-distance °Long-distance

.A(AO — pr ) = U, (S + Prys)up

0
10\ p. Y 1 o 1 oL p
=  => A=+ p=*+3 = —2( + P)
A p |
<.= - H/\AZ—§ Ap=—1 = —2(5 — P).
o — hil? — |h_ - 2Re(SP¥)

WP+ b |S]2+|P)?

weak decays

*weak phase

Nr scatterings

strong phase
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CPV from Nn — Nr scattering

.A(Ab — Nﬂ'P_) :Vub Jd fp UN~ | Q7 (—Sllfll/z— + P11f11/2+ + ) (mAb — mNW)

a1 = 1.016, a4

tree

S + ]
+ aq (—5119_%1L/2 =+ Pll!]]i/2 =+ ) (ma, +Mnr) V5| Un,

+Vi t;‘; fP UN7 (—(a4 — RWQG)Sllfll/z— + (CL4 + Rwa6)P11f11/2+ + ) (mAb — me)

penguin + (—(&4 + Rﬂaﬁ)Sngi/T + (ag — Rwae)Pngi/er

= —0.021, ag = —0.032, R, = 1.25. as + Rrag = —0.06,
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+ ) (ma, +Mnx) Vs

Ay — Rﬂ-a@ = 0.02.




