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CP violation — Holy Grail of flavor physics

* One of the Sakharov’s criteria of baryon asymmetry of universe 3 {
[Sakharov, '67]

= Requires new source of CP violation
Matter ‘vs Anti-matter

* Determination of CKM matrix phase angles

(p.7m)

= To test the unitarity of the CKM matrix
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* Open windows to new dynamics beyond the SM




Status

e CP violation measured in

= Decay, mixing, interference of decay w/ and w/o mixing

= K BVt BSO, D mesons
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* No evidence of new CPV source beyond the SM

 \What should/can CEPC (and other future experiments) do?



Do something new

Lager statistics » New precision: B, = J/yK, BY — 7YY

Better acceptance and detection . New channel: B — yy

Better time resolution wmw=)> . New observable: double-mixing CPV

Better flavor tagging * New methodology: T-odd and -even CPV



New Precision



An example: B, — J/y ¢

B, — J/y ¢: important for determination of the CKM phase ¢, = — 2.
ps = arg| — (V,V2)I(V V7l

CS  ch

All charged-particle final state: LHCDb likes that.
CEPC, as a Tera-Z, almost 2 orders fewer B mesons produced

but has significantly better detection efficiency, flavor tagging, time resolution than LHCb

LHCb (HL-LHC) CEPC (Tera-Z) CEPC/LHCb

bb statics 430 % 1072 3.152 5 16 1/284
Acceptance x efficiency 7% @ 107

Br 6 x 107° 1 1 2
Flavour tagging* 4.7% m 4.3

Time resolution® (exp(—3AmZzo})?) 0.52 1 1.92 (5 fs vs 20-30 fs)
scaling factor & 0.0014 0.0019 0.8

o(ps) @ad 4.3 @

6 [Li,Ruan,Zhao, 2205.10569]




An example: B, — J/y ¢

= 884F
é —— Theory prediction
— 883 —— LHCb (HL-LHC)
L"” = CEPC (Tera-2)
<] 8382 ' ' | : s CEPC (10-Tera-2)
88.1
88
87.9
87.8

¢, [mrad]

* Tera-Z, competitive with HL-LHC

CEPC measurement of ¢_:
e 10 Tera-Z, better than HL-LHC

[Li,Ruan,Zhao, 2205.10565]



Another example: B — 77"

» BY > 797 used to extract the CKM angle a, together with other isospin-partner

channels B — #tz—and B — 77"

a = argl — (Vi,Vo)/(V, Ve )]

* All neutral-particle final state: LHCb fails, CEPC wins Belle Il (statistics)

b-hadrons Belle 11 LHCb (300 fb_l) Tera-Z 12—%=%®03~/°:E::t':“°y
B?, B? (5.4 x10'%(50 ab~" on T (49)) 3 x 1012 (1.2 x 1@3 DERN w  i

B* 5.7 x 1019 (50 ab—! on Y(45)) 3 x 1013 1.2 x 10 ‘

BY BY 6.0 x 10® (5 ab—! on Y(59)) 1% 16" I1pz10" _

. : 0 T

CEPC, perfect reconstruction of 7™ by yy na
051015206 30 56 40" 4550

E , [GeV]
[Wang, Descotes-Genon, Deschamps,
Li, Chen, Zhu, Ruan, JHEP, ‘22]



Another example: B — =

e Tera-Z: a(nr) = (91.8 £0.4)

0

T

0

* 40 times better than world average @m. --- B—nn data (WA) e CKM fit
tt
TemzZpos --- [mtm o, nono - w/0 Cé“’
* 5 times better than Belle |l B [n'rwtnd, nOn0] o ‘Wl G
1-0 _l I I | ] ] e | I I—=l—1 l’.’l'.l L I I— a0 I | o | I.} |\ | I [ ] | | | ] ] | l_
Parameters | Tera-Z Projection 0.8 :’;!." \_\ .,.f' % b
0 BoO /BOO 0.45% B 1 ‘\'\.Jﬂ e } !
® 0.6 / N
rir0/ BHO 0.19% : | .
T - & 04| %
o+ /B 0.18% i ; | :
0400, + (0.014-0.018) 02 [ | N
O-Cg;].:? :: (0.004_0.005) 00 E—L—L..d"l"l‘ l.,'l | | AR |J L1 1 | A1 I S A o | | L1 11 | L1 1 li
70 75 80 85 90 95 100 105 110
05t + (0.004-0.005) i

[Wang, Descotes-Genon, Deschamps,
Li, Chen, Zhu, Ruan, JHEP, ‘22]



New Channel
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An example: B" — yy

. BY — yy: simplest decay of B meson, like B, — uu

= Sensitive to dynamics beyond the SM (FCNC), e.g. CP violation

= Clean environment to address the intricate strong interaction mechanism of the heavy-

meson systems

 Silver channel of Belle |l

Belle Il
Physics Book

.
oqeﬁ\\?y
o A \@%G 0 AN

. &Oc,eﬁ»% Q‘O%Q’W@ < e %\36.\’&\ Q%\g@ q%% NG o o <

B — X It~ Rx. * % % >50 * % K * % % *ok * % %

B R Rije * % K >50 *k * %k * %k * % *

B — Xy B *k 1-5 * * * * * *k
(Bd,(s) g < ’YD Br., Acp *k *k *k - *Kx

50(5)
B — K*ete™ P Ak =50 * * % *k * * * * % *
B — KTl By * K K >50 *x * * % *ox * Kk x

11



An example: B" — yy
[Shen, Wang, Wel, JHEP, "20]

* Standard model prediction: [QQ, Shen, Wang, Wang, PRL, 23]
B(B® = yy) = (1971 x 107 CApB® - yy) % 24 %

 BEIIEII preCiSiOﬂ Observables Belle 0.71ab™! (0.12ab™!) Belle Il 5ab™ Belle II 50 ab™!

@ B % < 740% 30% 0.6%
a2 man el ~ 78% 25%

Br(Bs; — v7) < 250% 23% —

. Tera-Z precision: (Assuming efficiency*purity = 50% (twice B — 7z% with 10'! BY)
o(B)/B ~ 3%, @F) ~ 7.8 @ (Wild estimation)

Evidence of ACP(BO — yy) with Tera-Z.

Discovery of ACP(BO — yy) with 4 Tera-Z!

12



New Observable
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Traditional CP violation observables

e Common CPV observables

v’ CPV in decay (direct CPV)
M > f| # |M° - f]

v CPV in mixing (indirect CP @ W C\
g ( V) O

| M° — M°| # |M°— M°| (lg/p|#1) @ ) )

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

 CPV in interference between a decay without and with final mixing

(P->M" + (P> M" > MY [Wang,Li,Yu,PRL119 (2017)181802]
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Double mixing CP violation

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

- _ 0%0......LP %0
. Consider B — p’K — pn~ ety /’ pK k
4
— 0 —
Upper path: BSO — pOKO — pOKO — poﬂ_e+y Bs’ p(m=€tv,)
Lower path: B;) — Bg) — pOKO — pO]Z'_€+I/ é'o --------- > pOK() _/

e General Case:

o} —(115) b + ) (1) v

It does not require nonzero strong phases!

Strong phases can be extracted from experiment data without theoretical input.

A 2-D time dependence analysis can be performed.

[Shen,Song,QQ, 2301.05848]
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Double mixing CP violation — Significance

* Benefiting from good time resolution, CEPC can do the 2D time dependence analysis

1%
e e+
A
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Double mixing CP violation — Significance

« Take BO(tl) — pOKO(tz) — p Ty as an example (penguinx0)
_ . AL,
| S, & sin(Amyt,) sinh sin(¢; + ¢, + 20) KS + KL °°°°°°°°°°°°°°°°°
Time dependence: AT 2
S, o sinh 21 L sin(Amyty) sin(gy + ¢, +26)] K, K; interference -
1 | Acp 1.0
1 | y10 @
| 1 | 0.5|
T 1 o 00| -
T ' 0.02|
T I—O.5 @
10 12 14 16 18 20 %0 22 24 26 28 30 R B B S —
t]/TB t1/TBS tz/TK

[Shen,Song,QQ, 2301.05848]
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Double mixing CP violation — CKM phase

« Take Bg(tl) — DOKO(tz) — (K 7")(n%e D) as an example

(D°KO| B%) = (D°K°| B®)e: /’DOKO"""Q?-’.?.‘?..
4
(DYK°| BYY = (DK | B®)rpest%) By (K ) (" 7 v)

3 Parameters: rp, 0 =¢,—p,+6,— 6, ~—-2p—y B

At ) e~ 5" sin Amgt,S(1,) a1/p1 = | qi/py e
T e T [C'(1,)(1 + cos Ampgty)+S(1,)sin Amgt, ] 4:/p> = | q2/ps | €772
e 12" Al
S(,) = > rgl—2smmo, sinh > L+ 2sno in Anmigt, |
—I'5t AF \
Cl(t) = < —[(1 + rf)cosh — K1, + (1 = rF)cos Ay, ~ Strong phase
e 12" Al

S'(8,) = 5 rgl2 cos o, sin o, sinh

b 2 C0S 0,, COS O sin Amgt,]  [Shen,Song,QQ, 2301.05848]



Double mixing CP violation — CKM phase

« Take Bg(tl) — DOKO(tz) — (K 7")(n%e D) as an example

Of | [ || Il - — Acp (Theory)

B 4 IaEEEEs - { Acp 0.6 _ Acp (Simulation) “

41 nmmnr || B - I

. , , 1 -7 .

| TmEmE | 0.4} J‘ ﬂ

3 HEEEE - ' jﬁ\rllﬂ]r J}[ } ”
tZ/TK =l - 5 [

ol mnEms | 02| il |

1 JEEEEEE ] Y

| o dEEEEEEeG 0.0k

- U T T S T S N S -1.0 u]

o2t r e et N

o 1 2 3 4 5 0.0 0.5 1.0 1.5 2.0

tl/TB fz/TK

[Shen,Song,QQ, 2301.05848]
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Double mixing CP violation — CKM phase

e Take Bg(tl) — DOKO(tz) — (K n7)(n%e™ D) as an example

Assuming 3000 events (Belle ll):

104°108°112°116°120°124 °128°

Parameters Central value Uncertainty
]/'B 0.367 + 0.014
0 164 + 4
)
O 109 +5
W

nput: 28 + 7 = (109.9 % 3.7)°

20

/ 7 3000—Event Simulation
/ -7230000—-Event Simulation
World Average

(,()’

[Shen,Song,QQ, 2301.05848]
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New methodology

(Baryon)
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b-hadrons Belle 11 LHCb (300fb™1) | Tera-Z
B° B° | 5.4 x 109 (50 ab—! on T(45)) 3 108 1.2 5 10*
B* 5.7 x 101° (50 ab™! on Y (45)) 3 x 1013 1.2 x 1011
B% BY | 6.0x10® (5ab~! on YT(59)) 1 x 1013 3.1 5 10
BF : 1 x 10! 1.8 x 108
A9, A¢ 0 C2x 105D 2.5x 107

Baryon factories!

[Wang, Descotes-Genon, Deschamps,
Li, Chen, Zhu, Ruan, JHEP, ‘22]



Baryon is NOT meson!
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Difference between meson and baryon

* Meson has two quarks.

q More is different!

* Baryon has three quarks.

* All baryons has non-zero spins.

24



Polarization induced observables

* Polarizations/helicities of particle provide fruitful information to build more observables.

 Lee-Yang parameters: a, f, y

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)
AN — pr) = 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 +acosf

25



Polarization induced CP violation

e Meson case: « Baryon case:

Direct CP violation e.g., BESIlIl measure the Lee-Yang parameters in
2~ — An~ — p2x~and the induced CPV
A

Kt : ? Pa
_— Y 2
BY Pea, 6 i 0.0‘3%71059
T — ) o:‘o\!/ A
o — 0
[ -T .
A & sin @ sin & p+hN\
CP ™ C+T / \ 7, ~ P s
a—a’zs

Weak phase Strong phase Purely weak phase!
Disaster for theory! Disaster disappears!

[BESIII, Nature, '22]
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Polarization induced CP violation

« The reason is the A7, and Agp strong phase dependence: sin o, vs COS O,

| sin | |cosé |

1.0
O.SW |

X X X X » Whatever the strong phase is, either|sin o | or
0.6} /N /7 \ /N /7 \

| cos 6| would be larger than 0.7.
04 /) \\ II \ / \\ II \
v v v \ * |f both of CPVs are measured, the strong
o2} / phase can be determined.
/ . ‘v’l \v/ 1 ‘v’l \

0!z x o s & T,

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

« General conclusion: Time-reversal-odd correlation (J_ induces CPV with cosine
dependence on strong phases
(0_) —(0_)

e = o T

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

Proof:
(f1Q-|f) = (i|STQ_S|i) (m| Q=) = (W | TTT Q—|tpn)*

= Z<m|s’f V) (V| Q [t ) (10| S |105) = —(Um|T'Q-Tlvm)’
= (V| TTUU Q_ UTU T by
(
(

= ZA* n (V| Q—|¢n) - = — (| TTUT Q_ UT )
Um|Q—[thn)"

F1O_1f) 3 Im(A7A,) Ac% o $1n §,,COS O,

0. . .
[Wang, QQ, Yu, 2211.07332] . A5 o 8in g, sin &



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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Complementarity: T-odd and -even CPV

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

Triple product [ Q=G x5)-p =G5

l

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

Penta product O3 = (5, - 501+ Oy(5, - 55) — Oy = é(sf S1'Sy8y — S| SIS

* Their expectations are imaginary helicity amplitude interferences

(Qs) =2v/3Im (H,y o HY | +HY )

2

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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Complementarity: T-odd and -even CPV

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

'Wang, QQ, Yu, 2211.07332]



Meson can be baryon!

(B = VV)
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Summary
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Summary

* New facilities provide more opportunities to probe CP violation in favor
physics.

* Not only more precise measurements can be performed because of larger
statistics, better detector performance (e.g. CEPC),

* but also it open doors for new CPV observables, new channels, new
methodology.

Thank you!
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