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® Overview

The first evidence for CPV above 5 O was established:
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® QOverview
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® Overview

Why is b-baryon CPV much smaller than
B-meson CPV?

Where should one search for large CPV?

What is new?

How does it help us understand the SM?




e Why smallCPVin A,?

* Perturbative contributions require at least
two hard gluons.

* A full QCDF/SCET-type factorization

theorem for nonleptonic b-baryon decays
Is still missing.

e Currently, only calculations based on k-
factorization exist.

 Numerical results in this part shall be
regarded as pQCD benchmark with
assumed endpoint behavior and LCDAs.

[2506.07197]



¢ WhysmallCPVin A,?

 Two dominant operators in A, = pz~ with ’161 — quV;‘d

 |n the naive factorization:

<1 |
hiOI X Clllueléi (mAb + mp)]CO + (mAb — mp)go] .

O 5o |
h® o — c6xlte’5i i (mAb +m,)fp & (mAb - mp)go] .

o Lattice-QCD input: Detmold-Lehner-Meinel [1503.01421]

fo(m2) = 0.16 £ 0.05, g,(m>) = 0.19 £ 0.04.
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* left-handed 03,4 included H Penguin = /1t6'6 [Z(L_tRbL)(CTLuR)]


https://arxiv.org/abs/1503.01421

e Why smallCPVin A,?
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« In pQCD calculations, 5 ~ 8° further suppresses CPV. *S = P for O,

[2111.02091, 2506.07197]



® Where should one search for large CPV?

- V,,V* and V,, V> do not™ interfere in | h_ \

* approximately

B, |°.

* Effects of weak phases are gone in A-p and o p!

« However, they strongly interfere in 3.

)=

2Im(Ah_)

By |+ | h_|*

2Re(hth_)

A |2+ | h_|?

**not weak phase

« Bad news: f and y are difficult to measure.

Observable Ay — pn— Ay — pK™
B(1076) 3.341209 2831028
Acp (%) 5.07%°% —6.0122
acp(7) 2.07575 401@13
Bep (%) 22.07715  —44.07%7
vor (%) 11.07%3 2.07%7

[2506.07197]



® Where should one search for large CPV?

* Decay distributions with sequential decays:

1
D(L2) S gﬂpba/\’ﬁ sin ¢ sin 0 sin 6,

* Triple product asymmetries:

~ N(sing > 0) — N(sin ¢ < 0)
~ N(sin¢ > 0) + N(sin ¢ < 0)

TPA(n‘):Oﬂ%( ol )( A ) (ﬁcp>.
0.10 ) \ 0.75 ) \ 0.25

_ P, N Pcp
TPART) = = 1.2% ( 0.1()) (0.75 ) ( —0.40) | 2111020911

T'PA




Where? What’s new and how it helps?

Negative helicity SPOOky Interactions
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® Applications in high energy physics

tt entanglement, signaling toponium-like hadronization

hadronization

Particle-level D
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® Where should one search for large CPV?

e The effective Hamiltonian reads:

» Since 5, X S, the helicity suppression of

the CKM interference is nearly absent.

D, , = (D°+ D"
2
Mode B(107°) Acp acp Bop YCP
ADY 3173 0 0 0 .
AD’  2.3*L1 0 0 0 0
ADy  1.9%y, (=44539% @BTH%  (1255)%  (873)%
ADy 3510 (1M )%  (—1179)% (—257IM% (—18T8)%

pPQCD, [2604.17877]
* Numerical results alone are not the whole story.

Gronau-London-Wyler method in B mesons.

[hep-ph/9612433]
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® Whatis new?

. The final state lives in Z ..., ® #

spin

| L
| DA) = — [e_W |ID%) @ y5 + | DY) ®){D] , ¥ ¥, and yp are the A helicity spinors.

N
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* The spinors live in the helicity basis of
gavein et uciv s Raypy
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y?
* |ee-Yang parameters act as helicity generators.

In memory of |. G. Korner, Mainz



® Whatis new?

. The final state lives in Z ..., ® #

1 L
|DA) = — [e77|D% ® x5+ | D°) ® xp).

N

« The D flavors form an SU(2) Hilbert space:

0, = |D°) (D

O = | DXD; | = |DXD, | = | DKDC| + | DD
» They define ¢, and o, in the flavor space.

« However, the y direction of the D-flavor is not measurable as
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Thought experiment: active flavor detection
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® Whatis new?

* The size of the entanglement is given by
1/2

1 — R
(1 — apoQpo — Ppofpo — 7’17071)0) , Rp=

2

FE() - FDO
FEO + FDO |

¢ =

* The necessary and sufficient condition for entanglement is

€+0 < R:#1 and E&p# Epe, for E=a,py

. For instance, to prove & is nonzero, it suffices to show Rz # 1 and apo # app.

PanN
A\ helicity depends on the D flavor
_ A w D]
tag, and vice versa. spin—flavor
entanglement
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® Whatis new?

* The size of the entanglement is given by
1/2

FEO — FDO
(1 — Gpolpo — ﬁﬁoﬁDO — yEOyDO) ) RF = e+ :
D D

1 — R
2

¢ =

e The transverse spins [, and y, are more difficult to measure, and we give the bounds
1/2

2
2
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FE()FD() — T ’

4 4
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min, max —_

FEO + FDO

1/2

[FDI(I +ap) —Tp (1 ap)

I, = | Tl (1  amo)(1 £ ayy) — y

A nonzero & .. would provide the first lower bound on the size of spin-flavor entanglement.
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® How it helps?

. Since there is no CPV in flavor-tagged modes (D', DY), we have that € = € for A, — AD.
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® How it helps?

e \We choose the basis:

N u,
)(D O ’

e We find :
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Relative density

Observable-level sensitivity scan with random
hadronic amplitudes, using LHCb Run-3 yields.



® Final remarks on nonlocal entanglement/Bell tests

* The partial decay width is promoted to a 2 X 2 matrix to unify the description of D.

0T k|

0cosop 64m°my |

21{6(5%%JDEW) 125m3§@-+‘9imfﬁ§o

X =
PD()S;I;O | SDOP%() 2Re(Sl>I;OPDO)

—

=—Tr(@)+ a -0
> (a)

Dz

* Collider Bell tests are not loophole-free: without freely
chosen measurement directions and timings, local hidden

variables can mimic the observed correlations.

Der Mensch kann tun, was er will, aber er kann nicht wollen, was er will. — Schopenhauer
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® Applications in high energy physics

First direct observation of T violation in B mesons Y (4$) — \/_ (BOE '—B OEO)
2

Entangled state Entangled state

I Projects B’ Projects B,

Y(45) l / Y(4s /
~ l “4- : : ™

D ¢
tl\

AT

. \/ 7-
. t5 \ J/ll" ' tz \\\
—0 . p B tagging
B~ tagging K. X
1yt VvV

Projects B_ [1203.0171, 1207.5832]

A =0/}
B § __z-—+ B




® Applications in high energy physics

Measure hyperon electric dipole moments:

)y [1T4L)—=1[11)
> A O A

SA$/

Science, [2506.19180]
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® Where should one search for large CPV?

« Maybe, the same suppressions hold for the
multi-body decays since

H Tree D 4iC (b_tLVﬂbL> (JLW”L)
H Penguin > /ltc6 [2(ﬁRbL)(JLuR)]

favor different helicities of final-state baryons.

* Inthe Iow-q2 region, the data show that

Acp(A, = N*(1520)K) = (165 + 4.8 + 1.7) %

e For detalls, see [2411.15441]

\ é
\/
A 5500 C((i
\

Weak decay topologies
(source of hadronic final states)

FSI rescattering

coupled B,, P channels
(same B, Q, S)

Z

\_

~N
FSI phase difference

h, < h_

because Op # Og

J
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- Starting with a standard H;, ® Hy,;, Hilbert space:

pin

lv) =ci [T 1) +e [t l)+e I T)+c_[11).

Rotate the bases of the two spins such that
ly) =cosé@| 1T 1) +sin«9(cosgb\ LT)Y+sing| ] | )) .

| ) cannot be written as a direct product |y) = |4;) & | 4,) if the first and
the third terms are nonzero.

Wootters concurrence™:
6 = |{y*|lo,®0,|y)| =2cosOsinfsin ¢

* for pure states.



