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Why CP violation?

* One of the Sakharov’s criteria of matter-anti-matter asymmetry

=

e Det

equires new source of CP violation

ermination of CKM matrix phase angles

= To test the unitarity of the CKM matrix

* Open windows to new dynamics beyond the SM

[Sakharov, '67]
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CP violation in Flavor Physics

Discovery: Mixing-induced CPV observed in Kaon decays

Cronnin  Fitch

[Christenson, Cronin, Fitch, Turlay, ’64] [Nobel Prize for Physics in 1980]

The Kobayashi-Maskawa mechanism
[Kobayashi, Maskawa, ’73]

Direct CPV discovered in B meson decays
Kobayashi Maskawa

[BaBar & Belle, '01] [Nobel Prize for Physics in 2008]

What’s next?

= More precise! More observables! More is better!




CP violation observables

« Common CPV observables
v CPV in decay (direct CPV) M= f) # M - f)
v CPV in mixing (indirect CPV) M - MY = MY - MY)

v CPV in interference between a decay without and with initial mixing  (M° - 1) + (M° - M° - )

* CPV in interference between a decay without and with final mixing

(P - MY + (P> M° > MY [Yu,Wang,Li,PRL119 (2017)181802]

* We propose/investigate two new types of CPV observables

= CPV induced by interference between two meson mixing [Shen,Song,QQ,2301.05848]

(MO —>‘—> MO) + (MO —>‘—, MO)

= A special kind of time-reversal-odd (T-odd) observables 10_=—Q_T [Wang,QQ,Yu,2211.07332]
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Part 1. Double mixing CP violation

[Shen,Song,QQ, 2301.05848]



Double mixing CP violation

* Visualization of CPV requires interference between
different amplitudes "

v/ CPV in decay (direct CPV): tree and penguin amplitudes

v CPV in mixing: different quark mediating box amplitudes

v CPV in interference between a decay without and with mixing

* Double mixing CP violation: induced by interference
of different mixing paths of neutral mesons

BSO > Bg — p'KY - p'z ety

BSO — pYKY = p'KY = pV77ety
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Double mixing CP violation

* Double mixing CP violation: induced by interference of different mixing paths of

neutral mesons
/} Mg ......... %0
v’ At least two mixing mesons are involved "¢
M f
v At least two decays in the chain — — cascade decay . /‘

 More complicated cases

....
..........
- -t



o ] ] Mg ............ 2 )
Double mixing CP violation /_' e
My f
0 0 0 0_— + - T e
« Take B/ (t;) = p"K"(t,) — p-"n e v as an example (penguinx0) az0 M;
P
M, (), 1;) 81,+“1(Eg£2,@
0 _ 0 q —0
20, Kl MO(t)) = gi(t)|M >—}—?g—(t)|M>
v 0\ P
O ﬂgz ) W) = 040 [31°) L) | "
O BO

« Two-time dependent CPV: Acp(tlatz) = (\M\2 — \M\z)/(\M\z + \M\2) M=M,+ M,

Sources: 1. |M;|*; —>  CP violation in K" mixing

2. | M,|*; ——>  CP violation in BY mixing

3. M*M, + MM ——> CP violation in interference between K’ Bf mixing
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Weak Phase
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| M, |* MM, + MM
2 2 e—rzfz
( Pl _ 14 ) | S, (1)) = [—2 sin Am,t, sin(¢p, + ¢, + 20)]
‘ap P s 2T e
q 2_ p ” e 22 AL,
ply lali) ) = —=—=2smh —==s1(¢, + P, + 20)
q,/p| = |Q’1/P1\€_i¢1
G/pr = | o/ ps | e~ B.S & K mixing
Interference

< pK|B,> = < pK|B, > e*?




Double mixing CP violation

« Take B?(tl) — pOKO(tz) — pOJZ'_€+I/ as an example (penguinx0)

ATt
S o sin(Am, ;) sinh—== sin(¢, + ¢, +26) K¢+ K|
Time dependence: AT 20 Th o Te T E

S, o sinh 5 sin(Am,t,) sin(¢p, + ¢, + 25)] K, K; interference

0.04;

0.02;

I R R R R R
1 s s s

0.00"

12 14 16 1.8 2.0 20 22 24 26 28 30 I
t]/TB t1/TBS tz/TK

Measurable at Z-factories like CEPC!

10



Double mixing CP violation

The double-mixing CP asymmetry depends on two time variables and thus a
two-dimensional time dependence analysis can be performed.

It does not require nonzero strong phases, providing opportunities to directly
extract weak phases without strong pollution.

Significant in some channels, to be measured in experiments.

To be investigated in more channels and to include more accurate calculation.
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Part 2. T-odd CP violation

[Wang, QQ, Yu, 2211.07332]
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Baryonic CPV

* T-odd CP violation is motivated in investigation of baryonic CPV.

* |s direct CP asymmetry the correct observable for baryonic CPV?
Al° = |A|° A=A e?e + Aye'Pe' = A eP1e(1 + re'?e'?)
| A \2 + IK\Z A= Ale_i¢lei51 + Aze_i¢2ei52 = Ale_i¢lei51(1 + re " Pe!0)

: : Requirements:
w» |[A p x 2rsingsiné I ris large

2. weak phase ¢ is large
3. strong phase ¢ is large >

Far beyond control!

ACP —

* Alternative observables to satisfy or relax the requirements?
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Polarization induced observables

* Polarizations/helicities of baryons provide fruitful observables.

* Lee-Yang parameters: a, 3, v

General Partial Wave Analysis of the

T 0 p X Decay of a Hyperon of Spin 3
0 ‘ T. D. LEe* anp C. N. YANG
< Institute for Advanced Study, Princeton, New Jersey

0 — (Received October 22, 1957)
A(A” = pm) = i, (S + Pys)uy

Theoretically, they are expressed by partial wave amplitudes (helicity amplitudes i, = § = P) as:

2Re(S*P) 2Im(S*P) S|>—|P| dl
a = : ~ P= : ~ V= : : x 1+ acos@
|S|17+ | P| 1S+ | P| S|1“+ | P dcos

Experimentally, they are measured by proton polarizations:
~ (atcosO)p+pp X s+y(p X §) X p
P 1 +acos

Spin measurements are difficult!
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Polarization induced observables
dT

* Key point: particle spins are encoded in their decay products. dcosh

1+ acos@

» With entangled 221 and 2~ — An~ — p2x~, BESIII measure the Lee-Yang
parameters and their induced CPV [BESIII, Nature 2022]

p+p

(a) (
\/1 —(a)? a—a

Strong phase independent! <« A¢cp X )H = (=515 %107

» Application to more channels with Cascade decays (e.g. A, = AV — p3n)

_________________________________

/
/

1. Angular distribution encodes the helicity amplitudes

2. They induce CPVs with different strong phase dependences

S1Nn O, VS COS O,

_________________________________

[Geng, Liu, Wei, et al, 2106.10628,2109.09524,2206.00348;Zhou, et al, 2210.15357]



Polarization induced observables

- Strong phase dependence: sin o, vs COS O,

o |sind | |cosd|
O.SW
DA Whatever the strong phase is, either|sin d|
o I N A U A U A or | cos 6| would be larger than 0.7.
02} / I NS N N \

/ v \ g \ g \

/ \ \ \ \

! 1 V i 1 v : \
0 T r ﬁ n 5_” 2 E 2

4 2 4 4 2 4

* Question: does this complementarity generally exist?

* Question: if yes, how to find them systematically?
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T-odd correlation induced CP asymmetry

* T-odd correlation ()_ induced CPV have cosine dependence on strong phases

1Q_=-0_T,

0 —
ACP

(0)-(0)

X C \)
(0_) +(0-)

If it satisfies two conditions: (i) for the final—s’gate basis {| l//n), n=1,2,...}, thereis a
unitary transformation U, s.t. UT |y,) = e |y ); @ UQ_U" = O_.

Proof:

S1Q-1f)

= (i|STQ-Sli)

= Z(%IS* Do) (| Q— 1) (0| S |10

= ZA* n (P |Q—[1hn) -

(f1O_1f) > Im(AEA

")
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(Vm|Q—=|tn) = (| TTT Q—[thn)*
— _<¢m T Q T|¢n>
= — (Y| TTUTU Q_ UTU T |a),,)*
(
(

| TTUT Q- UT )
hm|Q—|tn)" .

Ac% & $1n 0,,COS O,

'Wang, QQ, Yu, 2211.07332]



T-odd correlation induced CP asymmetry

» Example 1. Triple product Q, = (5, X 5,) - pin P - P,P,

T:p ——p,h— h; U=R(x):—p = p,h—h condition (1)
T:0 - -0 U=R():Q, - 0, condition (i1)
X o 3 2
- Example 2. Triple product O, = (p; X p,) - p3in P — P,P,P;P,
T:p —>—-7p; U=P:—-p —>7p condition (1)
r:Q,——-0,; U=P:Q,— -0, ~ condition (11)
o ¢
Z

'Wang, QQ, Yu, 2211.07332]
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T-odd correlation induced CP asymmetry

e For the decay A\, — N*(1520)K*, three such T-odd correlations

Triple product O, =5 X5y p= é(sfsz‘ — 5755)

l

- AN ;= A - AN s A — — i —_ —
Hepta product 0, = (51 D)y PO + Q5 - DIy P) = —sisylssy = s1787) + (883 = s787)8s]

- - - - i S —
Penta pl’OdUCt O3 = (51 5)01 +O1(51-5,) — O, = E(Sfrsfrsz Sy — 818 52+52+)

* Their expectations are imaginary helicity amplitude interferences

(Q5) = 2\/§ Im (H+1,+%H:k1,_1 + H* 3H+1,+%)

7 —L=3

COS O, VS S1N O
Exactly Complementary!

* Moreover, complementary T-even correlations are found

P1 = 31 ) 32 — (31 13)(52 [3), Pz = (El 15)(32 ’ﬁ)Pl +P1(§1 13)(32 15), Real part
(P xRe (H,, . :H*  +H* H_ 1)
_ o) =) - INVAT e=d) - AND - - A - - A * ’+2 —1,—% —1,—% + ’+2
Py=Pr—[s = (s -D)llsy” — (5 p)° ]l = [(sy X 5p) - pll(s, X 55) - p]

'Wang, QQ, Yu, 2211.07332]
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T-odd correlation induced CP asymmetry

* The expectations of the complementary T-odd and T-even correlations are both
encoded in angular distribution of secondary decays of N*(1520)K*

dl’ 9 9
dcy deg dp > P1Pz (‘HH”L%
1 2

—|—S%(§ + ¢3) ("Hﬂﬂ% +|H_y 1

2
_|_ ‘H—l,—%

1 2
-+ QC%(_ -+ C%) (‘HO,% -+ HO,—I—%

3
" 262 * * .
— %Im (H_|_17_|_%H_17_% + H‘FL‘F%H—L—%) S111 290
. SR (3, o H AR 2
* Complementary CP asymmetries V3 o (o 401y + Mo Moy g ) cos2
- 4
can thereby be measured, which _ 81‘\3}22(32 I (Hopyy gy o +Ho 1Y _g)sing
depend on cos o, & sino.. 4

20

(Q3)
(P3)
(O +20,)
(P + 2P,)

'Wang, QQ, Yu, 2211.07332]



Summary
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Summary

New CPV observables are proposed

including double mixing CPV, which could avoid strong pollution,

and a type of complementary T-odd CPV, which would help discover
baryonic CPV.

Both of them awaits more investigation. Collaboration is always welcome!

Thank you!
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