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E CPV

@ CPV/Oscillations. History
@ Standard Model
@ SM-CKM CPV theory
@ Time evolution
9 CPV, theory
@ Three kinds of CPV (in By, mainly)
@ CPV Phenomenology
e Oscillations and CPV in charm physics
@ Time evolut. D° — f. D% «» D°
@ CPV in Oscillations. D° — K~ I*v, Semileptonic
@ Direct CPV discovery.
@ Direct CPV.
@ DO 5 KTKntn™
8 Quantum correlated
Discrete symmetries
@ Parity Violation
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Overview

@ Oscillations : Bs <> Bs, B+ B, K® <+ K9, D° «++ D° n<« n, v.
@ CPV: ‘Matter # antimatter’.

© Baryogenesis . Macro: matter >> antimatter . Micro: matter ~
antimatter.

@ Exp. CPVin K, Band Bs .... D (2019)).

© Baryons?. charm, top?. PMNS (leptons?). Higgs?. Strong CPV...
@ SM CPV : CKM (observed). ‘Charged’ currents.

@ CPV to measure CKM angles and phase . Unitarity triangle.

@ Other related phenomena: FCNC, PV, CV, TRV, CPT, etc.

© Lab for hadronic corrections.

@ Calculations. OK for B, Bs and K (but A/ = 1/2). Problems for D.
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Oscillations/CPV/FCNC and ‘New’ Physics. Historical.

@ c quark. GIM mechanism, universality, FCNC. Predict m,.
@ CKM. From CPV in K

© Top quark. Large mass hints from B% — B°

@ Third family. To have CPV (CKM).

© Direct CPV in kaons.

O Oscillations/CPV in B, B and D.

@ Very sensitive to new Physics. A ~ 102 TeV. Kill Extended
Technicolor!: Agrc > 600 TeV!. From Amy, ex

Q@ No Superweak. From dCPV in K
© ‘Null’ tests.
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@ 1964 J. Cronin (Nobel 1980). ‘Indirect’ CPV.

@ CPC; Ky — 27 (CP(2rr) = 1) and K, — 37 (CP(37) = —1).

© But Ki — 37 or K» — 27 means CPV.

© 1967 CPV was observed in semileptonic decays KP — 7=/Fv,
© 1967 CPV: Sakharov conditions to baryogenesis. New Physics!
@ 1970 (1964) GIM mechanism.

@ 1973 Kobayashi-Maskawa (CKM): CPV 1 phase SM. 3 families.
Nobel 2008.
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Flavor Physics in SM: Flavor P., Oscillations, CPV and
SO 0oN.
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Cabibbo-Kobayashi-Maskawa.

C12C13 S12C13 ~ size””
Vekm = —S12Co3 — C12523513€"°  C12C23 — 5125235136 S23Cy3
S12523 — (3120233139(S —Sp3C12 — S12C23513€"°  Co3Ci3
A AX3(p — in)
~ A — A2/\5 (p+in) 1—2 — A2)\8(p + in) A2 + O(.
AN(1 — p — in) —A)\z AX*(p + in) 1
| Vis|

A=

Soz = AN?, s13e” = Vi = AN3(p + in)

A
)]
I

\/‘ Via| + |Vus|
A = 0.22537(61), A=0.81410922 5 =0.117(21), 7 = 0.353(13)
sin28 = sin2¢y = 0.682(19), v =0 = ¢3 = 68.075%, o = ¢» = 85.4733
J = Im[VysVeg VE V] = C126230%3 81283813 5in 6 = A2\°p
= 3.1(2)- 107>, CPVlJarlskog invariant
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CKM, experimental information

Quantity | Exper. value (Q(AQ)) | Q/AQ | exp. source
Vid| 0.97417(21) 4428 nuclear 0 — 0% 3 decays
Vius 0.2248(6) 282 semileptonic K, decays
Vib 3.72(19) - 103 20 exclusive B decays
Vb 4.49(16)*15 - 1073 19 inclusive B decays
Vea 0.220(5) 28 (v/U)N — uF(c/c)X
Ves| 0.995(16) 62 semileptonic D decay
Ve 40.5(15)-107? 32 semileptonic B decay
th 00082(6) 14 Amg
Vis| 0.0400(27) 15 Amg,
Vib 1.009(31) 32 t — Wb, unitarity CKM3
Via/Vis] | 0.211(1)(171) 20 Amg,

v (732783) 10 | B - DK*

sin23, B | 0.691(17), 21.575 41 BY — KO

o (876335) 25 | B nn

Carlos Ramirez

Table: Direct measured CKM quatities, 2016
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Time evolution

Wigner-Weisskopf. effe. Hamiltonian. Two meson P9-P°. Flavor basis
I Hi1  p? )
H=M—1r= |
2 ( q°  Ho

M and T hermitian, H is not: P° and P’ unstable. Eigenvalue eq.

H\P; >= pni|P; >, withi=H, L
The eigenvalues/vectors. PDG-Gershon, Nir
1 . ]
e, L = 5 ltr £ Ap] =Re(p) + Mm(p) = My, L = 5Th, L

NylMy > = pV1+60 M > —gv1i—6|M° >
NM. > = pvV1—0 M > +gv1+6 |M° >

with t, = Tr(H) = Hy1 4 Hoo, d = det(H), Ap = /12 — 4d = puy — .
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with OAL = Hy1 — Hoo and NL, H = |p‘2|1 -+ (9| + |Q‘2|1 + (9’
(Ap)? = 2 —4d = (Hy1 — Hap)® + 4p°q° = (0Ap)® + 4p°q° =
with Ay = —2pqg/v/1 — 02 =T(x — iy) =Tz. Defining 2l =Ty + I,

Am = myg—m; = Re(A,u) = |_X, Al = I'H — |_L = —ZIm(A,u) = 2|—y,

They are not orthogonal if CPT, CP or T is violated

NLNk < MuM >= |py/(1 = 0)(1 +6%) — [ql* /(1 + 0)(1 — 6%)
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The time evolved states are

MO(t) > = (g4(t) +0g- (1) IM® > —3 /1 = 62 g_(1)| 1 >
MO(t) > = —5\/1 — 02g_(1)|M° > + (g4 (1) — 6g_(t)) IM° >
where
VY it it —int | cos Aput/2
9+() = E(e nxe L)_e isin Aut/2
gL = %e_T |[cosh yT + cos x7|, g" g+ = —%e_T [sinh y7 — isin x7]
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with 1 = (uy + pr)/2=m—ir/2, A = | < fIM® >, Ar =< fIM° >.
Time dependent amplitudes

Ai(t) = Adgr(t) — Mg ()], Ar(t) = Ar[g(t) — Arag—(1)]

Mg = AV — 02 — 0, \p = 1/0f = qA;/PAr. T1(t) = |Ae(t)?

2Ff(t)eT _ _
cosh(y7) + Csg cos(XT) + Dsg sinh(y7) — Stg sin(xT1)
(1+ [Asal?) | A
/O@ g 200" 1+ A2 +2yRedsy 1 —[Argl® — 2xImAgg
0 MAZ 1—y° 14 x2

with 7 = I't. two damped coupled pendulums. Pulsations with
wp =Am=1Tx, Q~x
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Theory + experiment

Mo, T2 <+ Am, AT, |p/q|

Am . AM\? r .
2 2 (4 142 o _ (2 et _ i0
2 * [ * | % 2 .
q _ M —iT/2 M1 -ia _ 4| eie _ 1+ |al2 — 2]a]sin 96%
p M12—IT12/2 Mi> 1 — ia p 1 +|a|2+2|a| sin ¢
(Am)? ( > ) = 4|My5|?|(1 — &), AmAT = 8|Mjs|*acos b
q 4asin 6 & sin“(26)
= = tan (2 Om)) = —
|P 1+ a —2asinf’ an (2(9 -+ 0m)) 1+ a® cos 260
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Bs oscillations. 1304.4741, fig. 2
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Oscillation parameters

Quantity Exp. SM Quantity Exp. SM
7B, [PS] 1.497(15) - 78 [PS] 1.519(7) -
Amg, [ps™'] | 17.768(24) | 17.30(26) || Amg[ps~'] | 0.5055(20) | 0.543(¢
Alg, [ps~'] | 0.083(6) 0.088(20) || Alg[ns~'] | -11(14) 2.8(5)
XB, 26.74(22) XB 0.774(6)

VB, 0.088(14) VB +0.015(18)

7o [PS] 0.4101(15) Tk [PS] 89.54(4) -

Xp [%] 0.5519:12 Tk, [Nns] 51.16(21) | -

vp [%] 0.83(13) Amy [ns—1] | 5.293(9) -
Amp[ns~'] | 13.4 ATk [ns™1] | -11.144(6) | -
Alp[ns~'] | 40.5 XK, /s 270.8/0.47

Table: Oscillation parameters. The ‘quality’ factor is Q ~ x.
Amy = 3.506(6) peV=6.24 - 10~ Kg. (nanotech. 1.7 - 102" Kg=my,).
Amg/mg ~7-1071°
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CPV, theory

@ weak phases: ¢ — —¢ CP transformation

Q |g/p| # 1: CPV oscillations.

© |A;/A:| # 1 direct CPV

Q arg)\; # 0, m CPV interference: oscillations and decay.
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Oscillations and CPV in charm physics

@ CPV in up-quarks sector (u, ¢, t). 2019 discovered . SM (CKM)
tests?.

@ InSCS: D° - K~K™T, ntn—. 2019 discovered . dCPV (~ 1073).

© For CF/DCS: D° - K—nt, D¥ — K—ntx™T, etc. CPV, in the SM
very small, 108 (Delepine 1212.6281).

_: Observe CPV =- New Physics!, even QCD
corrections.

@ Semileptonic. CPV in oscillations.
© Entangled/Cascade CPV/CPTV/TRV so on
O New Physics?. CPV large in LR theories (even 10721,
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Time evolut. D° — f. DO «» DO

0 -+ _ A A0 . 7
CF:A,_ =AD" K ot =f=A., _ =AD" -7

0 . 7 _ 2 0
DCS: Ay — =AD’ - FH=A_ , =AD" - f

- +
r(o° — 7 N i+ M o
) = — " =R+ /Ry Ty M,
() I'(D0—>f)() f P 2
F(D0—>f) 2
) = —=——=2()=R + /R
with
=S A7 y'T = RS [yReX; Im\; R*—H;r1 Ao 1202 — (1 = |2, 12)X°
T AT A [yReAzg — xImAz, ] , M?_T[(+|f9|)y = (1= X3¢
_ A |? /R
Rf — Z yRe )\f@ — XImAfg]
f

—h

gy <1 o q - p| | RS
A = — = — M le P X = — = —[Xse PR (A :‘—‘\/dH,A-:‘—‘ I d =
f 5, | At 7 x | A% | At b f | A% 7 o f

For CP self-conjugate states, f = f. Thus Fz'?+ =R =1 and

-1 _ y—1 q| i¢r =
A= A=A = :_Vdf|_ e'¢f,¢7=—¢f

P
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D° +» D°. Oscillations, mixing, etc. HFLAV-19

. A d o . AFD - o q - L _ 1)
x=1-= 0.43(10) %, y = 2 - 0.63(6) %, —| = 0.999(14), ¢ = ‘arg (q/p)" = — (12.933)
- Data - =
6.5F — Mixing fit E
6F - No-mixing fit =
5.5F
S E
LT S — ;
4 :
3.5¢ LHCb
3 :- ] P ] . ./ / _:
0 2 4 6 20
tHT
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CPV in oscillations. D° — K~ /Tv, Semileptonic

@ Allowed semileptonic decays D° — K~ I*v = f (Af), D° — K* 1= (A7)
@ Forbidden (AC = AQ) A; = Ar =0
© ‘wrong’ sign/appearance

2

7 q 7 - Ry >
2 _
_ R
r(Do — f)(t) = gg_(t)A,c ~ |Afe T
© Any difference: CPV ‘in oscillations’
_ !A ()7 — !Af(f \CIZA?/PZAf! —1 _la/plt-1_
SL = —

© if no direct CPV is present |Af| = |A; \
O R/, ~R,=Ry=(x*+y?/2=0.013(27) %
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CPV D° — Kn, nr, KK.

6F- E
55E 3
"’552_ E §2_"|"'|"'|"'|"""’
= 45E i = PLHGh D' K*K- tData |
4;— ¢ Prompt E = 1 - — Fit B
355 } Doubly Tagged 3 < N ]
= E 0 A ——— - :
6 — C
3 3 SR
g g _1 B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I'l: ]
— 5— —
5 45§ = 0 2 4 6 8 / 20
2 E E t/T
a2 = — - D
ot - oov o3 e
& 6 All CPV allowed N FLHCH D" — rtn i Data ]
03E—— = = = 1F — Fit
_06E g R . E
S AT el B! Sk A g —
PP e { %f{' H T _z E I I I I
m“;—% [ o 2 4 6 3 20
~0.6F 3
085 5 It/E:O t/TD

LHCb 1611.06143 CF/DCS LHCb 1702.0649 SCS
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CPV in DO DO

parameter value parameter value Parameter value
RS [1079] 3.454(45) R 3.454(45) Ap[103] 0.00(6)
y7’+ [10—3] 5.01(74) y?’_ 5.54(74) y?’+ — y?’_ [10—3] 0.53(105)
X 211075 | 6.1(37) " 1.6(39) A I 4.5(54)
R; [1077] 3.454(31)

v 1077 5.01(56) yi - 5.54(56) yiT — T [107°] 0.53(79)
21107 | 8.1(31) X~ 1.6(31) X2 =2 [1070] 4.5(44)
R; [1079] 3.454(31) v [1073) 5.28(52) X 21079 3.9(27)
AR [10 3] 3(3)(6) ARS [1077] 0.4(12)(10) AT [107] 0.7(14)(11)
AR 1077 0.16(10) ARR 11079) -0.44(23)(6) AT™ [103] 0.25(43)(7)
ver [10731 | 7.15(111) || AAep [1073] - Ry [10~3] 0.13(27)

Table: CF/DCS CP parameters fits from 1712.03220 p. 7 (1611.06143 see

p.11 table 3 and p. 10 fig. 3). HFAG-16 p. 303). First table: allowing full CPV.
Second one: assuming direct CPC and CPC for the third one. 1911.01114 for

Alh. Integrated and effective CPV measurements, from 1704.00041 and

1702.06490. AAcp, 1903.08726.
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CPV Observables. D° — Kr, KK, 7

CPV Observables. D° — Kr, KK, 7

CPV observables:

f AP — 1A(D12 ¢ 1AL — | |2 R
Ar(D)]2 + |A7(D)] A2 + |A7 |2

+ —_
R, — R,
_|_ _
R + A,

_ r -1 (A0 (Rf + RIYT) - = A) (R + A Y'T)

f
A =
CP S —_
s+ T (1+A)(R?+—|— RIy'Z) + (1 —AD) (RF + /R y'7)
- _E CRT vt JRT

7+ Ty 2+3(y’;r/ Ff++y /+/ R; )+4y’+yf/ F:'+FF

With the effective width/lifetime and the integrated ratio

_ 1 1+y’+/\//?T y's
F; = = ~ I 1 —
< 75> 1 +2y' T/ RS AT

I__
f — R+ R+ y/+ i R+

P
Il
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CPV Observables. CP self-conjugate.

CPV Observables. CP self.conjugate.

A0 0
f 7(D°¥ — f) — 7(D” — f) 1, e 1 _ 1 1 _
A = — = — —y -~ el — [ cos — — [ [Xf| + [N X sin
r D S0 ) 27 f ') (| fl—= 1Al )y ¢r= 5 (| fl+ 7] ) Py

1 \/d 1 \/d
~ —<‘q f —‘ P )ycosgbf——(‘q f —|—| P >Xsinqbf
2 p q+/ 0 2 p 9/ 0f
[+ T T - 1 :
= —1=—- + = —— el + 1/ Xf|) cos — X(|X¢| = 1/|[Xf|) sin
Ycp or > (yf yf> 2[y(l I+ 1/1A¢]) cos pr — X(IAf| — 1/|A¢]) sin @]
1 \/d 1 \/d
—< v +‘ P >ycos¢f——<|q d —‘ P )xSin¢f:7.15(111).10—3
2 p g~/ df 2 p q+/
For CP self-conjugate states, f = f. Thus F]’;r = R, =1and
T—1 _ 51 = |9 i n
)\7 = )\f = )\7 = Af = — df |E e'¢f, qb7 = —Qbf
dkxk =1 —8.8-10"% dpx =1 — 1.28 - 107 Theo. (3)
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Direct CPV discovery.

@ SM prediction, Af,. f.e. Li 1903.10638 p. 5 in

AD® — K*K™) = AsTHK £ X, PKK = A\ THK (1 4+ r,RRK)
AD® — mrmt) = AgT™ + AP = Ay T (1 + rgR™™)

with \; = Vui\/:i, | = d, S, b. UT: Z)\,‘ = 0.
ri = Xp/Ai, ls =6.74-10"% " and ry = —7.03-10~% ="
RKK — pKK /TKK — 0.45¢13"" and R™™ = P™ /T™ = 0.66¢'3*". dCPV

ARC = —2rgsinyImR®™ = —0.73 1073 ~ 0.4(12)(10) - 1073, (exp.)
AT = —2rysinyImR™ =0.64-1073 ~ 0.7(14)(11) - 1073, (exp.)

@ Exp. LHCb 1903.08726. 5.30 effect. Theo./exp. agreement.

AATL = AKTKT _ AT = _1.56(29) - 1072 (LHCb) ~ —1.4- 1073 (SM
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Direct CPV.

Mode BR[%] Acp [%] Mode BR[%] Acp [%]
CF:DY — K==t 3.95(5) 0.1(7) DY — K, = 1.0(7)

D" — Kom™ 1.47(7) -0.41(9) DT — K)mt 1.46(5) -

DY — Kan 4.79(30) - 10— | - DY — Kin' 9.4(5) - 103 -

DY — K3n? 1.19(4) - DS — KTKO 2.95(14) -

D — KTKQ 1.49(6) - Df — KTK=r™ 5.39(21) -

Dy — KTK37" 1.52(22) - DS — 2xt 70 1.09(5) -

DI — 7T n 3.53(21) - 1073 | - Df — xtn/ 4.67(29) - 103 | -

DF — KTntrn*t 9.22(17) -0.16(15)(9) DF — Kom™ 7" 7.24(21) 0.3(9)(3)
D — K~ xtxd 13.9(5) DY — KOntm— 2.82(19)

DCS: D° — KT m— 1.38(3) - 10— 4 0.0(16) - -

DT — KT =Y 1.83(26) - 10— % | -3.5(107)(99) DT - Ktn—xnt 5.27(23) - 10— %

Dt — K'n 1.08(17) - 10— % | - Dt — KTn' 1.76(22) - 10— % | -

DS — KT x" 6.3(21) - 10— 4 - DS — K'n 1.76(35) - 10— 2 | -

DS — Ktn' 1.8(6) - 103 - DI — Kom" 1.21(6) - 1073 -

Df — KTntm™ 6.5(4) - 103 - Df — KO97rt 70 1.00(18) -

scs: DV —» 7 xt 0.140(3) -0.20(19)(10) Dt — 70 0.119(6) 2.9(29)(3)
DY —» K~ K+ 0.398(7) -0.06(15)(10) Acp(KTK™ —ntn ™) | - -0.154(29)
DY —» K—Ktxtx— | 0.243(12) -8.2(56)(47) DY & ntr—rt 0.318(18) 1.7(42)
D’ — K227 9.1(11) DT — KtK—x* 0.95(3) 0.39(61)
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