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CP asymmetry in the decay rates of 7 — Ks7v decays

t S K% 5, vs. 7~ — K% v, in the SM (AS = AQ rule)

rate _ T(7T — [7T+7T_]“KS" o) —T(r~ — [7r+7r_]“;<5"7r_uf)
ACP = (1)

T Tt = [mtn ke mt o) + T(r— — [mtn— ]k mvr)

I. I. Bigi and A. |. Sanda PLB 625 (2005) 4752

AEXP — (23.6+25)x 107> PRD 85 (2012) 031102

2.8 o discrepancy . R
AYY =(3.6£0.1) x 107> PLB 625 (2005) 4752
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Explanations

@ CP Violation in 7 — vwKs and D — wKs: The Importance of Ks-K, Interference.
Y. Grossman and Y. Nir, JHEP 04 (2012) 002.

@ Can the observed CP asymmetry in 7 — K7v; be due to nonstandard tensor
interactions?
H.Z. Devi at al, PRD 90 (2014) 013016.

@ A no-go theorem for non-standard explanations of the 7 — Ksmwv, CP asymmetry.
V. Cirigliano at a/, PRL 120 (2018) 141803
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CP asymmetry in the angular distributions of 7 — Ksmr, decays

cosa = cos 3 cosp + sin Bsin 1) cos ¢

No CP asymmetry in the angular distributions

1 20 (7~ - 2r(rt S Kent
fsz,filcosa [d Mt~ —Ksn~vr)  dT(r7"—=Ksn" D7) ds d cos o

i S1,i ds d cos o ds dcos (3)
cP = =
1 [S2,i a2t~ —»Ksm—vr) d2r(tt—Ksmtig)
s1,i f— |: ds dcos + ds d cos dsdcosa

Belle Collaboration, PRL 107 (2011) 131801
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o Indirect CPV in K® — K° mixing in the angular distributions of 7 — Ks7v, decays.

@ Producing direct CPV: 6} — 85 # 0 && 67 — 05 # 0
A= | A e fe{1,2}
Acp o | A1 + A2|* — | Ay +z2‘2

= —4|A1| | Az|sin[6] — 3] sin[éy — 65 ] (4)

rate

ACp. o sin[dy — 6F]sin[dy — 67]

Alp o sin[0y — 0% sin[6y — 6%] or  sin[0F — 82] sin[6F — 6¥]

@ A generally model-independent analysis is still missing.
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© SM prediction
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@ Mass basis vs. Flavor basis
|Ks,.) = pIK®) £ qlK%)  (IpI +|aI” =1) (5)

o Reciprocal basis ((Ks,i| # (Ks.i|)

(Rsal = 5 (P~ K" £ a7 (R°)) (6)

<RS|K5>:<RL|KL>:17 <R5|KL>:<K’L|K5>:O,
|Ks)(Ks| + |KL)(Ki| = 1

J. P. Silva, PRD 62 (2000) 116008

@ The time-evolution operator for K® — K° system

exp(—iHt) = e "' |Ks) (Ks| + e | Ki) (KL (7)
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T Ks(=atan ) nto,vs. 77 = Ks (= ntn ) vy

@ The time-evolution amplitudes

AT = (nTn | T|Ks)e MSUYRs| T|7 ) + (x| T|KL) e ™ K| T|r™)

_ % [ | T Ks)e st + (n ™| TIKu)e ™4 (KO T (8)

A” = (mt a7 |T|Ks)e "SYKs|T|r7) + ("7 | T|K)e ™ (K| T|r™)

- i [ 7 | TIKs)e ™5 — (™ | IRy 1| (RO| T ) 9)

o CP asymmetry in the angular distribution (dw = ds dcosa)
fsz’fllcosa [

el [drT S FOT e (t) dt + 97 ft”: Tr+r(f)dt] dw

S1,i

2 (O o () dt — 90 f? F(t)r

Ttr—

(1) dt] dw

Acp(t1, &) =

B <<coso¢>;’7 - <coso¢>;’+> - ((cosa>;ﬁ + (cosoc)f) AL (11, t2) (10)
lfAéP(tl,t2)~A‘a; ’
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- +
irl drr arr
< _ >T+ fsz ‘[71 cos o [ i T %o :| dw )
cosq); +(cosq); = )
i art—  drtt
1 2, f_ |: + - ]dw

S1,i

_ + S1,i

(cosa)] —{cosa)] = ) (12)
! ! Sz,f_ [dr" n drr*] dw

S1,i
+
2, dar7_ _darr
T,i 512' f_ |: de :|dw
AT = , 13
L [ 02

Je2 dt F(t) [F(KO(t) = ntr™) = T(K(t) » wFm )]
Je2 dt F(t) [F(KO(t) — wtm—) + T(KO(t) — wtm—)]

5, (1 dr— drT
f ’f_lcosa[ o }dw

A}C(P(tl, t2) = (14)
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The SM prediction

o A(Tt = Krt) = A(r™ — K°n ;)

. _
dr _ dr- cp - T
dw dw = T, 07 <COSO£>, <COSO£>,
U
ASP (11, 1) = —2 (cos )] AL (11, t2) (15)

o AL (t1,2): CPV in K® — K° mixing

AL (t1<<r5 Tl <t < T & 2Re(ex) = 3.32 4 0.06 x 107

<ttt
F(t)= ! > Y. Grossman and Y. Nir, JHEP 04 (2012) 002
0 otherwise.

o (cosa)” = 2Afg L. Beldjoudi and T. N. Truong, PLB 351 (1995) 357368

1 p2pr 20T
f d°T dcosa—fldeosoz

A7—7 (S) _ ds d cos ds d cos (16)
" AT dcosaJrf T cosa
O dsdcosa 1 dsdcosa



The NP prediction

° A(T+ — K07r+ﬁT) #A(tT — ROTFVT)

T+ T _
dg £ d; — A £0, (cosa)] # (cos oz),—TJr
w w
4

Alp(t1, 1) =~ ((cosa),-f - <coso¢),-7+) - ((cosaﬂ

+ {cos a),-7+) Ap(t1, t2) (17)
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© NP contribution
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Model-independent analysis

@ SU(3)c x U(1)em invariant low-energy effective Lagrangian

GrVis |- _ R
Low == 222 (Tl = pe)ur 81" — (1= 28R)7" ] s

LR — e)vr - G [Es — epys] S + 287 Foum (1 — 75)vr - Ea‘“’s} +he., (18)

@ Thet™ — ?Ow’VT decay amplitude
M= My + Ms+ M+
GF Vis
\f
@ Leptonic currents and hadronic matrix elements
L=y, (p') (1+75) ur(p)
Ly =T, (p") v (1 = 5) u-(p)
Ly, =1, (P/) Opv (1 + ’75) “T(P)
H=(r"K’|35u|0) = Fs(s)

[L,H" 4 €5LH + 285 L, H] (19)

H = R 57| 0) = QFL(s) + 2K g ()

v =0, _ v . v v
H™ = (r K" | 50" u | 0) = iFr(s) (plipY — pLpk)



@ Vector form factor
D.R. Boito, R. Escribano and M. Jamin, Eur. Phys. J. C59 (2009) 821

Scut /
F+(S):e><p{A+M2 F - Xf— —/ el 8

s')3(s" — s — ie)

@ Scalar form factor
M. Jamin, J.A. Oller and A. Pich, Nucl. Phys. B622 (2002) 279

g5’ %t S)F’(S)té_”(s) _ _ — et
1=Krm2=K =K
E / T— ,( T, n, and 3 n')

@ Tensor form factor
F.-Z. Chen, X.-Q. Li, Y.-D. Yang and X. Zhang, Phys. Rev. D100 (2019) 113006

As s [ 5r(s")
Fr(s) = F2 —exp { - / ds’ s i)
SKn
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CP asymmetry in angular distributions

Acp =Dk Sew % /SZJ { __Imfes] gy [Fr(s)Fo (s)] — Im [Fr(s)Fo (s)]

21111[@7‘]
i my(ms — my) m,

i
s

1, Relés] e s)Fq (s 2Re[€T] (s & s)ds
+ K + mT(msimu)) Re [F(s)F (5)] - Re[Fr(s)F (s )l} A% }C( ) ds.
(20)

Re[és] = (0.87%% +0.3)%, Re[é7] = (0.9 £ 0.7+ 0.4)%
S. Gonzalez-Solis, A. Miranda, J. Rendén and P. Roig, Phys. Lett. B 804 (2020) 135371

17 / 26



@ Numerical results




Numerical results

Table: The SM predictions vs. the Belle measurements

Vs [GeV] ASwi,i [107°] Adepi [1077] ni/ N [%]
0.625 — 0.890 0.39+0.01 7.0+3.0+28 36.53 + 0.14
0.890 — 1.110 0.04+0.01 1.8+21+14 57.85 +0.15
1.110 — 1.420 0.12+0.02 —46+72+17 4.87 +0.04
1.420 — 1.775 0.27+0.05 —23+10.1+455 0.75 + 0.02

19 / 26



X2: = 4.20, Im[és] = —0.008 +0.027, Im[ér] = 0.03+0.12

4 cp cp \ 2 - -\ 2
Aex i A i B;—x - By
X2 ( D, th, > + ( p th ) , (21)
i=1 gi 9B

Imlér]
o
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Figure: The allowed region for Im[és] and Im[ér] at 68% C.L. (solid) and 90% C.L. (dashed).



SM vs. NP
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Figure: Left: SM prediction (gray band), Im[és] = —0.008 (red band), and Im[é7] = 0.03 (blue
band). Right: The zoomed-in version of the SM prediction.
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Other bounds on Im[é7]

e SU(3) x SU(2) x U(1) gauge-invariant SMEFT operator:
L1 = [CD Jumn(Cikover)e (@,,0"" urn) + hoc.., (22)
In the mass basis

E’T = [Céi),u]klmn I:(IjkauueRl)(JLmO'“UURn) - Vam(éLkUpueRl)(ELaU#VURn)] + h~C-7

f u i c
u u C u



o One-operator-at-a-time constraint from neutron EDM
V. Cirigliano at al, PRL 120 (2018) 141803

2|Im[é7]| < 107° = Alp|max ~ O(107°)

Ve[ Céi),u]%n + Vs [C£23U]3321

Imler]ssi1
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Cancellations occur in combinations Vud[Cglu]gn + Vus[ngu]%zl and

D'—D° p=—m/4
0 DD p=n/4

B nppy
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Other bounds on Im[és]

e SU(3) x SU(2) x U(1) gauge-invariant SMEFT operator:

Ls = [Cé:;u]klmn(zikeRl)ﬁﬁ(EI{mURn) + [Céedq]klmn(zg_keRl)(JI{?qun) +h.c., (23)
In the mass basis

Ls= [Clgi‘)w]klmn [(17keR/)(67LmuRn) - Vam(éLkeRl)(L_lLaURn)]

+ [Ceedqkimn [Van(Pkeri)(drmura) + (Ercerr)(drmdin)] + h.c.,
@ One-operator-at-a-time constraint from D° — D° mixing

Im[és] € [-3.1,1.6] x 10™* = Alp|nax ~ O(107%) ~ ASH (24)



© Summary




o CP asymmetry in the angular distributions of 7 — Ks7v: decays can be induced by
CPV in K® — K° mixing, the SM predictions are of O(1073);

@ A model-independent analysis suggests that either (nonstandard) scalar or tensor
interaction could produce CPV to 7 — Ks7v, decays;

o It is difficult for NP contributions to play significant effects to the CP asymmetry in
the angular distribution of 7 — Ksmv, decays, unless there exists cancellation effects
in the combined contributions.

(Interested readers are referred to JHEP 05 (2020) 151 and arXiv: hep-ph/2107.12310)
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