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Introduction: EFCPHIR

* 1956, Parity violation in weak interaction
964, Observation of CP violation in Kaon
973, Kobayashi-Maskawa mechanism
2004, Observation of direct CPV in B meson
2019, Observation of direct CPV in D meson
2025, Observation of direct CPV in b baryon

A) = pK—ntn
Acp = (2.45+ 0.46 + 0.10)% .

AST(AY = R(pK)R(ntn7)) = (5.3+£1.3£02)%, myx- <2.2GeV, m, .+ < 1.1GeV,
AL (A) — Ripr )R(rTK™)) = (27£08+0.1)%, my,— < 1.7GeV,
0.8GeV < m_+ - <1.0GeV or 1.1GeV < m_+ - < 1.6GeV,
AZL(A) = R(prtn)K™) = (54£0.9+0.1)%, mpypp- < 2.7GeV,
AZZ(AY 5 R(K~ 777 )p) = (20+£1.24+03)%, mMmg-nin < 2.0GeV.
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The theoretical research on baryon CP violation

has entered a new step




U-spin analysis of b-baryon decays

de>s
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Heff — Tg [VJquq (Z CZQ;MI ‘|‘ Z Cng) + ‘/(:};‘/cq (Z CzQ:q ‘|‘ Z Cng)] ’ q = da S,
= 3—=3 3
\ )

Y

Different strong phase and weak phase

 The symmetry between u and (d,s) will change the structure of
Hamiltonian

 The symmetry transformation of U-spin will not affect the
generation mechanism of CPV: the weak phasedifference between
tree level and penguin level.
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2 10
=1 1=3

Omitting their Dirac structure
~ (bu)(@s), Qfn~ (be)(Es), Q1% ~ (bu)(ad), Q5% ~ (be)(ed),
Q5-10~bs Y T'q' ~ (b5)(ut) +|(b5)(dd) + (b5)(s3) Q3 10~ bd) ¢ ~ (bd)(ua) +((bd)(dd) + (bd)(s3),

202R02=4H2¢2

-

PP | o1 i 2 )y
H = 51{(4); — §H(2),§ + §H(z’ o
(Ha); = —g(Hm § + HI™o% + H™6] + H™I L) + HY + HY',

(H)J = Hy's] + B, (HY) = HIPs] + HIs).

m
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2 10
1=1 =3

Omitting their Dirac structure

~ (bu)(as), QF% ~ (be)(@s), Q1% ~ (bu)(ud), Qf% ~ (be)(cd),
Q5_10~ s> _ T'q ~ (b5)(uw) +|(b3)(dd) + (b3)(s3) QS 10~ bd> qq ~ (bd)(uw) +[(bd)(dd) + (bd)(s5)
20202=40202
2(Ha)1' = 3(Ha)3" = 6(Ha)3” = 2ViyVus + 2ViaVis,  2(H2)3® = 3(Ha)1* = 6(Ha):' = 2V, Vi + 2V Ve,
(o) = 2 (ViaVao + VaVes), () = 2 (ViVao + VaVas),  (Hi) =0,

(Ha)! = (Ha)j'ok.

-

The Hamiltonian can form a doublet
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1 —_ 2 0 =0 1 \/§ 0 1 0 2 — - 2 + o+ 2 — ==
Bb = (':'b ), Bb = (Abﬁ':'b)! B = 72 — '2'A ,M = (ﬂ_ ,K ), M = ('JT ,K ), Bz = (Z y — ),
- E-
3 __ 2v2 24/ 2 . + 3 _ 22 22
M° = ( KO 0 _\/Eﬂs)’ Bl‘_(pnz ):B = ( =0 +\/_A0)
2v2  2V/2 - f 2v/2

Taking triplet as an example

For the baryon system, the U-spin symmetry 2 ® 2 = 3 @ 1, the wave functions can be expressed as:
(U=1,Us=+1: ¢ =dd,

1 L)
3:<U=1,U3=02 (ﬁgzﬁ(ds"'Sd), i I U=0,U3=0: gb?=ﬁ(ds—sd).

U=1U;3=-1: (bgl:ss,

\
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o 1
2 f[r
4 5(usd + dsu — sdu — sud) \—/i(T‘LT — )],

(2uds — usd — dsu + 2dus — sud — sdu) —=(2 ™ML — 1T — 1)

\/E

1 .1
P E[E(Zuds —

i 2
U=LUs =+ 41 = ldd (1 ), utly + Yol it

B:AU=1,0a=0: ¢§=——=[—=(ds+ad)s(t+ D utly+ %}(ds tsd)thull,  (AL2)

U=LUs =15 45" = = les (14 + )l Yilos 1wl

dsu — sud — 2dus — sdu + usd) %(’NT — M)

\

1 U=0U=0: =~ s s (i W utly + s s T, (A1

where [ds, u|, is the permutation operation which is [ds, u], = ﬁ(uds + dus + dsu). Comparing the wave function
under U-spin and SU(3)r in Eq.(A13), Eq.(A12) and Eq.(A6), we can derive
g V3

0 0
= = s BTV
¢3 =n, @3 9 9

V3

1
AO —E 0=__A0

=°, (A14)
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> (Clq(Bf)i(Hq)j(Bf)i(MQ)j(Mg)k(Mﬁ)k + c2q(BY) (Hy)'(BY)i(M?); (M), (M)

Agmz -
g=u,c
(B (Ho) (B (M), (MO ).
= =

channel amplitude channel amplitude
A) > pr— ot > Agler + ez +cs) ) - YXTK K Kt > g M(c1+c2+c3)
A} > pK 7" K™ > g Agler +c2) = > X TK o wt Do A(e1 +e2)
= —pK n ot > g Aglea + cs) A) - StTK o Kt > M(c2 + c3)
=) > pK K Kt D g Nac2 VDA v ' >, Aeo
A) > ST~ Kt > g Aics =) - pK K nt >, Mes
RS YA B B > aAdct A} - pK K K™ 2q Mex
Zp > Str K KT >, Agler + cs) A) > pr~ K~ nt > g As(er +c3)
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Using the experimental data [12]
AZE(AY = pr—at K ™) = (2.45 4+ 0.46 £ 0.1)%,
and [54]
7(A) = 1.468 £ 0.009ps, 7(Z9) = 1.477 + 0.032ps, 7(Z; ) = 1.578 + 0.021ps,

we can have

: A — pr~ K- n™ .
A¥(E) 5 St K KY) = —R( N )xAd“"

AD —~ Kt
=) 5 St K-K+ cp(fy = pr Kom)

(5.14£0.5) x 107°  7(5,)  (—1.23+0.26) x 10~*
Br(E0 » Str—K-K+)r(Ay) Br(E0 - Str-K-K+)

= —(2.45 4 0.46) x

However, since the generation efficiency of =9 is not as high as that of AP in LHCb

experiment, the prediction of =Y decay CPV may not be immediately useful for experimental CPV detection.

Detail discussion can be found in [Phys. Rev. D 111, no.5, 053006 (2025)]
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AZL(A) — RK)R(rtn7)) = (5.3+£1.3+£0.2)%, myx- < 2.2GeV, my— -+ < 1.1GeV,
AZL(A) = R(pr )R(rTK™)) = (274£0.8+0.1)%, my, < 1.7GeV,

0.8GeV < m+ - < 1.0GeV or 1.1GeV < m+ - < 1.6GeV,
(54+£0.9+0.1)%, my+ - <2.7GeV,

(20+1.2+0.3)%, Mmg—rir < 2.0GeV.

.Ad” (A} = R(prTn )K ™)
Ad” (A = R(K~ntn7)p)

|

Can we determine the decav etretiire by their tonoloaical discoram?



Simple dynamic analysis
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HQET&SCET ) — , /Aaco

my hard hard-collinear collinear soft

Y = €c+nc+5ha+ﬂhc1‘|‘% e (1,45, X%)

= Et Gt o (@ m)Et ) + (oA + ina,) it e 30, 38 0
b=ty =g, g

QCD 014(0) — Z o§o { / drdtCy (r,t, B, my, 1) Q35 (1 1)

‘ - % f drdsdt DY (r,s,t, B, my, 1) Rgf)(r,s,t)},

SCET,

| Q) (r,t) = [EW](=ri) Ts Ty [W1E] (i) [h.S] (0) T; Ty [Sas] (), [EW]T Wie] [ S]T; (b Acr) [STqs]

SCET, R0t = EWI-rm LT Wi (SO T, Tpdaon) [Stalm)  oF [EWIT (i) [S'] [RS] TS [7e]

J

See:Nucl. Phys. B 657, 229-256 (2003)
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HQET&SCET  \— /222 hard hard-collinear collinear  soft

[QU)[YY] B [hyglEt] ~ A0, [BElEegs] ~ A0, [huEl][GeEl] ~ A

A. In the rest frame of the b-baryon, the HQET indicates that the momentum of the light
quark in b-baryon should be soft.

B. The strictly analysis of matrix element in SCET need consider the strictly matching
qQcp between four quark operator and several SCET operators in which the hard and hard-

collinear gluon contribution will be integrated and therefore the hard scattering kernel
‘ will introduced. However, since the hard and hard-collinear gluon line can not be drawn
in the topological diagram, we must omit the scattering kernel hand only analyze the
contribution of SCET operator. That is the reason we called the dynamic analysis in our
work is simply analysis.

SCET,

SCET, C. The quark and anti-quark pair which come from the vacuum are seen as soft quark
and anti-quark produced form a soft gluon in our work.
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HQET&SCET  \— /222 hard hard-collinear collinear  soft

[QU)[YY] B [hyglEt] ~ A0, [BElEegs] ~ A0, [huEl][GeEl] ~ A

Since the kinematic region of soft and collinear are different, the wave

function of hadron containing both soft quark and collinear quark is power
suppressed
QCD

()—;(g }—(%2 The strategy of find the leading
2 ( 3 % ( ;O % power topological diagram is
SCET, ” % H O % H choosing the suitable leading
[ * ( 35 power Hamiltonian and making

ﬂ the quark field in light hadron are
% | %() : i %H () [ i all soft or collinear.

=
quj
D

SCET,,

_
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HQET&SCET  — \/_ Agep. Agm:.Z;,c(clqwf)i(ﬂq)j(B%)z-(Mz)j(Mﬁ)k(MQ)’“+ch(Bf)j(Hq)i(B%)i(MQ)j(MQ)k(MQ)’“
my

+cSq(Bﬁ)f‘(Hq)k(B%)z-(Mz)j<M2)k(M§)i),

Li l[\" | ﬁ | lﬂ' | @ [
R .
k — ' i : l'\/"' | if we focus on the

structure B? - r(B2M?)R(M>M?), ONly
amplitude c, have contribution
and if we focus on the

structure 52 - r(B2M20m2)02 ONly
amplitudes c4 and c5 can have
contributions.
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Amplitude
AA = Ripr~rt)r™) = > M(e1+cs), AE] = RETK KN)K™) =) X(c1 +c3),

AE) - RETK KM)n™) = Z M(ep +c3), AA) = Rpr 7H)K™) = Z)\g(cl + c3),
A(A? = R(pr ) R(r—nt)) = Z Mei, AE) » R(ETKT)RK™KT)) =) Mo,

q

AAY = R(pr )R(K-K1)) = Z)\dcl, AE) = R(ETKT)R(r~nh)) =Y Mey,

A(E) = R(E*n7)R(r~7t)) = Z)\dcl, A(A) = R(pK T )R(K~K™)) = My, Power correction see:
1 Phys. Lett. B 708, 119-126 (2012)
A(Ep = R(ET77)R(K™K™)) = Z)‘dcli A(A) = R(pK ™) (™ n%)) = ) Ader. U-spin breaking see:
Prediction : q JHEP 08, 065 (2013)

AZL(A) — Rlprn~wt)n™) = (—12.99 £ 2.83¢xp % 2.59U _spin £ 0.6550wer) %,
AZL(A) — Rlpn ) R(atw™)) = (—12.75 £ 3.63cxp % 2.55U_spin £ 0.64power) %,
R(pr™)R(KTK™)) = (—65.93 £ 20.06¢xp + 13.90y_spin T 3-30power) %,
R(pK )R(KTK™)) = (21.28 & 6.08cxp =+ 4.26y_spin & 1.06p0wer) %.

dzr (
dzr (
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* Our work provides a U-spin analysis on b-baryon four body decay
CPV

 To improve the predicted power of our work, we also perform a
simple dynamic analysis

Prediction
AZL(A) - R(par—ar+)7r—) = (—12.99 £ 2.83c,p, £ 2.59y_spin £ 0.65p0wer) %,
AEL(AY — R(pr ) R(nt ™)) = (—12.75 % 3.63cxp T 2.55U_spin & 0.64p0wer) %,
AEL(A) = R(pr™)R(KTK ™)) = (—65.93 £ 20.06¢xp + 13.90u —spin £ 3.30p0wer) %,
AET(A) - R@K T )R(KTK™)) = (21.28 % 6.08cxp & 4.267 _spin £ 1.06p0wer ) %-




