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CP violation

» Three conditions for Matter-antimatter asymmetry:

* Interaction to violate baryon number; e

e C and CP violation; C@) L@) ;:#
: ey -

* Deviate thermal equilibrium X

» Matter-antimatter asymmetry in the Universe [Science 109 (2005) 5731] > ‘

electron positron

'

CP: EEoﬁ:ztEﬂE .l Ej":ﬁ'{'}"'ﬁ [Sakharov JEP- Lett.(1967)

» Morecover, CPV relates to parameters in SM, is helpful to search NP indirectly.
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» Baryon CPV is more crucial, as visible matter in Universe is made of baryons.
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CP violation
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Puzzle of b-baryon CPV

» Why baryon two-body CPV small?
Acp(Ay = p~) = (0.20 + 0.83 + 0.37)%
Acp(Ap » pK™) = (—1.14 £ 0.67 £ 0.36)%

» LHCb, 2024

B = 7t~ (PDG) }
B’ — K*7~(PDG) }
B — K-n*(PDG) }
B’ - K- K*(PDG)
Ay — pr~(LHCD)

A, — pK~(LHCb) }
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Ab = pﬂ:_.’ pK_

» Baryons have half-integer spin, and thus two partial wave amplitudes.

A(Ap = ph) = iup(S + Pys)ua,

Ad”’ — I'(Ap-»ph™)-T(Ap—pht)
F(Ab—)ph_)+f(f_\b—>ﬁh+)

_ MZ2(|S|12-1S12)+M2|P|?—|P|?

T MZ(ISI2+IS12)+ M2 |P[2+|P|2

- S (4 p CpP
1S|12+ MiLAE‘D)IPIZ 1+A§P|5|2 M£|P|2
MY (1+Acp) 1+Arp M3
s> ,s |P|2
si+ipi AcP T isiy |P|2‘£1
F5A84L
S|12 —|S|? —2rgsinA¢sinAdg .
Acp= |2 |‘|2 = 2 T mak
S|2 +|S] 1+7rs+ 2rgcosA¢cosAV
P P2 —|P|? —2rpsinA¢sinAdp -
Acp = i . -
P2+ |P]? 1471%+2rpcosAgcosAdp  Afg = 55 — 65 JL
partial-wave CPVs Abp = 6, — 67
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Topological diagrams
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[A.Leibovich, Z.Ligeti, I.Stewart,

M. Wise, Phys.Lett.B (2024)]
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CPVs in PQCD

» Strong phases need to be determined by QCD calculations
» Based on kq factorization, PQCD approach has successfully predicted B meson CPV

Cpn(B =t )% Acp(B - Kt )%

~ —40 [Lii,Ukai,Yang,2000] ~ —18 [Keum,Li,Sanda,2000]
—30 + 25 + 4 [BaBar,2002] —19 4+ 10 + 3 [BaBar,2001]
—12.8F3-%8 [Chai,Cheng,Ju, Yan, Lii, Xia0,2022] —5.43+22% | Chai,Cheng,Ju, Yan, Lii,Xia0,2022]
—31.4 + 3 [PDG] —8.31 + 0.31 [PDG]

» Amplitudes are expressed as convolution of hard kernels and LCDAs
M = (le H,f fI Ab) [Sterman,Hsiang-nan 1.1,1995~2000]
~ [[d*ky | [d*ear][d* ke, | ([kp ], 1) ®e (Ueae], i) ¥, ([, | 11) - CoH([Kp ), Thend], [k, | 12)

~ | Txp] iz, ) [ @20 10201027, 1 (o) )Ll 0o, (2, ) )

- CiH ([xp, Ky, Deans kg [xa K7, | 1) Ny
(e

» Free of end-point singularity '

K= =CH
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Results of Ay = pmr™

TABLE V. Invariant amplitudes of the A, — pn~ decay classified by topologies without the CKM matrix elements. in unit of 10~°

A, = pr~ S| 55(°) Real(S) Imag(S) 1P| 8" (%) Real(P) Imag(P)
T/ 707.17 0.00 707.17 0.00 1004.44 0.00 1004.44 0.00
T/ 51.72 —96.64 ~5.98 ~51.38 267.72 ~97.92 ~36.90 ~265.17
T/ + 17 703.07 —4.19 701.19 ~51.38 1003.22 ~15.33 967.54 —265.17
C, 29.37 154.96 -26.61 12.43 41.51 179.80 —41.51 0.14
E, 66.94 —145.26 -55.01 ~38.14 72.58 119.94 ~36.23 62.89
B 10.40 112.64 —4.00 9.60 23.65 ~122.56 ~12.73 ~19.93
Tree 619.26 —6.26 615.57 —67.49 904.75 ~14.21 877.08 —222.06
pc! 5844 (0.0 ) 58.44 0.00 290 (0.0 ) 2.90 0.00
pC 1.24 ~115.38 —0.53 ~1.12 11.16 —95.25 ~1.02 ~11.11
pc! + pc” 57.91 ~1.11 57.90 ~1.12 11.27 —80.38 1.88 ~11.11
PC, 13.36 ~116.10 ~5.88 ~12.00 14.93 71.96 4.62 14.20
PE! 9.48 —87.62 0.39 —9.47 8.83 114.44 ~3.65 8.04
PB 1.36 ~51.30 0.85 ~1.06 1.55 ~159.86 ~1.46 ~0.53
PE! + PE, 3.87 —98.18 ~0.55 ~3.83 1.41 ~12.55 1.37 ~0.31
Penguin 59.45 —27.54 52.71 —27.49 10.65 74.93 277 10.28
Sk 69 3RARAL Pk 69 32 ARAL
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» Baryons have half-integer spin, and thus two partial wave amplitudes.

A(Ap = ph) = iUp(S + Pys)ua,
Swave S =[Ar|Sr|e®T | HAp|Sp|e?®?

Pwave P = )\T|PT|33'5$ 4+ )\p|Pp|ei5£

Tree Penguin
b o _ _
O — O ~ q*ipy, (1 — vs)ua, ~ Uy (1 +¥s)up,
u . u
d N d
T Abs_wave = ggzwave - 615_'—wave
J different by
] 7 ASp_wave = ggzwave - 6113 mwave
U
b al)~ (1 +v5) (spn) (Pa, vs )l (1 — ¥s)up, ~ Uy (1 —ys)uy,
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Obsverables of Ay, = pr~, pK~

_|S|2 15)? —2r5sinAgsinAdg
NE P|? SE+[S]2 ~ 1+13%+ 2rscosAgcosos’
Adl‘r‘ ~ AS + AP | | +| | +Tg + 4rgcos pcosAds
IS|2 + [P|27°CF 7 |S|2 4+ |P|27¢F ap. _IPP—IPP _  —2rpsinAgsinAdp
PP+ P2 1472 4 2rpcosApcosAdp
Br(x1079)
R o ST | ARCPVARRA R, A LAk
2.17+1.17+0.49+2.19
Ay = pK~ 2.837105 595 0.37- 0.6 N
AEE / AZp(ks) AGp(kp)

+0. 00+0 00+0.00+4-0.02 +0.014-0.01+0.03+0.04 +0.01+0.034-0.02+0.00
Ab —pr— 0.05 —0.02—-0.01-0.02—-0.01 0.17 -0. 04—0.04—0.07—0.04(49%) —0. 06—O 02—0.03—0.03—0. 01(51?)

+0.01+0.01+0.02+0.00 +0.02+0.02+0.04+0.0C +0.07+0.23+0.29+0. 14 '
Ap = PK™—0.067001"0.01-0.01-0.00 —0-9570.02"0:01-0.03-0.0d(947%) ] =0-2176 15" 133" 027~ 0.41 (67%)

Arv I \
ir wave D+SE)-wave -wave -wave
A, AL (k) | AL ™ (kpag)  Ac™(xp,) AG"™ (xp,) ALy
A, = pp~ 0.03705: 0.01100 (7%) 0.027007 (44%) 0.0370 (45%) 0.17 008 (4%) —-0.011 01
Ap = pK*™™ —0.05 918 —0.157 002 (6%) 0.2759093(33%) —0.231019(55%) —0.147042(6%) 0.027 00

ir T _wave D+S%)-wave -wav wav

A AT (kg) | AGT T (kpes) A (kp)  |AG™(kp,)  APR

Ay — pay (1260) —0.0170%  —0.227010(6%)] —0.1170%(46% 0.187021(40% 0.247097(8%) —0.2470%
0.03 0.10 —-0.07 0.06 —0.13 0.13

Ap = pK7(1270) (0 =30°)  0.0970%  0347092(8%) | —0.111002(42%)  0.197011(42%) [0.33705:(8%)  0.267 %

Ap = pK7(1270) (0 = 60°)  0.07509  0.4670%2(9%) | 0.06704(37%)  —0.0710%(45%) 6+33$(9%) 0.4010%
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Baryon CPV
> A AP S AR K B CPAEL AR
o SIMEH: %It ES, TNERE LN F

Br [AO — pﬂ' T T ] — (2 08 £ 0. 21) 3% 10~° Decay mode Signal yields
0 = -5 Xy X
Br [Ab —pK 7w ] = (540.5) x 10 A9 5 prmtae 2335 + 56 2264 + 55
Br [AO - pK—I(+ ] — (4 40} 6 X 10—() Ag—)pK_W+7T_ 6807 + 92 6232 + 89
A) - pK-Ktm~ 555 £ 38 630 = 38
Br[A) > pKTK"K~| =(1.25+0.13) x 107° A) —» pK-K+K- 2312 + 54 2248 + 54

© ZARETTREA AR K49 B BCPALIR

BT - atnnt

_xf

Acp(B* - nata) = 40.080 + 0.004 £ =
© s A

2 I

[LHCb, Phys.Rev.D 108 (2023)] E "’g'

T ¥

0F

»© o & 0
A

10

mi(wn)  [GeV/c]

s WMHEZHR: PRAXEKRSS, BARAHAIHET K
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> 385 M

o $4EEA) > (pr®)h~, (prtnT)h(h=m, K) ¥ G54 K F LK E

N(1650) / N(1700) BREIT-WIGNER MASS 1650 to 1800 (= 1720) MeV
N1675) N(1700) BREIT-WIGNER WIDTH 100 to 300 (= 200) MeV
M1680) 5/2 N(1710) BREIT-WIGNER MASS 1680 to 1740 (~ 1710) MeV
N(1700) N(1710) BREIT-WIGNER WIDTH 80 to 200 (~ 140) MeV
M) i N(1720) BREIT-WIGNER MASS 1680 to 1750 (=~ 1720) MeV
N(1720) /2 N(1720) BREIT-WIGNER WIDTH 150 to 400 (=~ 250) MeV

o pm,pnm A G ERAE KRS, I EL
s UM ZETFRANREE, BLLEMRE!
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> ZARETCPAL IR HAL 4 R B CPALIR

n /K™

decay processes Scenarios global CPV CPV of cosf < 0 CPV of cosf > 0

S1 5.9% 8.0% 3.6%

S2 5.8% 6.3% 5.3%

Nt — At+tn— S3 5.6% 4.3% 7.0%
myr € [1.3,1.9]GeV s1 ~4.1% ~5.4% —2.4%
A = (AT )m” S2 ~3.9% ~3.9% ~3.9%
S3 -3.6% —-2.3% -5.3%

S1 5.8% 8.2% 2.7%

Ap = (pr°) K~ S2 5.8% 8.0% 3.0%

N — pno S3 5.8% 7.8% 3.3%
myr € [1.1,2.5]GeV s1 ~3.9% ~3.9% ~3.7%
A = (pr°)m™ S2 ~3.9% —3.8% -4.3%
S3 -3.8% -3.6% —-4.8%
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A) = (pr")K~

Nm - pr®
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Jian-Peng Wang, Fu-Sheng Yu, CPC(2024)

(Sl:fl = 1.1,g1 = 09, SZ:fl =91 = 10, S3:f1 = 0.9,g1 = 1.1)
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Baryon CPV is a new horizon of heavy flavor physics.

4 )
We do first full QCD analysis of b-baryon two-body decays in PQCD

- J

4 )
We propose a new CPV mechanism from N7 scatterings

- J

2026/4/26 CPV in b-baryon decays
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