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CKM matrix element determination V. u.

d.
The Fermitheory is the low-energy EFT of the V-A CC interaction in the SM, which : -
corresponds to integrating the W out. Note G~g?/A?, with A the NP/high-energy scale. ‘Fundhamental' €
Theory
Vv,
Gr G gg
L=——F|u;v*(1 — v5)d,;llev,, (1 — v5)v.| + h.c. = -
\/§ [ i) ( ’}('3) ][ ﬁm( ) ] \/ﬁ 81?\[% E

EFT
v

FFs encode

(P'(K)|aiv"d;| P(k)) = Cpp A (k+k)" f+(q*)+(k=K)"f-(¢")}, (k=K')* = ¢° = (p+p)* 0 procD
(k — K’ )u Ly 4 = (pi —|—pu)“l’}z (1 —~5)v ~ qrm[_(l — v5)v, Suppression of f_contribution for light leptons

/ GQ JMP 2 ~2 12
D(P = Plv) = 22|V, PChp £ (O)PI(1 + 5c)
(Mp— M
I ~ / P M di)ﬁ/g( 2’ M2 : ﬂfzf) I+ (q ) |2 } Obtained from the measurement of the g2-distribution
0 M} f+(0) (m~0)

Then, measurement of I gives f,(0)|V;;|. We can determine |V;| provided we have a theory prediction (symmetries are very
useful) for f,(0) [lattice determinations, EFT methods, etc.]
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CKM matrix element determination V.

Conserved vector current (CVC) relation for f,(0): :

) VS — (f)ﬁ (ﬂir},#dj) — i(""”—'uzx — '7Tldj)ﬁi.dj ~ (). Ifthatisthe case (approximate flavor symmetry):

(g =k —k)
(P (K")|Vj(x)|P;(k)) = e Cppi(k+ k) f9(q?), with Cpp = %(1) for P’ = m%(otherwise).

Oy V“ =0 — f\u = /d%JVO(:{) / TU, ( )d;(x), Oy Ni; = 0.

(P (K') Nu P;i(k)) = Cpp/ (P, (’f’)lp (k)) = Cpp(2m)°6°(7)2K" =
Cpp (P} (k")) / B2V (x)|P;(k)) = Cpp (2m)38%(q)2k° £ (0)

S0 that f (O) = 1. And, according to Ademollo-Gatto theorem,
7(0) = 1+ O(my, —ma,)?.

Very useful for light quarks (ChPT) and also for B->D(*) decays at zero-recoil (HQET).
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CKM matrix element determination V. .

.
(PS)  (g8aTn) ]
V4 is obtained from superallowed 0*->0" nuclear [3 decays (less precise from w*->nlev &?1 >pev)

1. Transitions within JP=0* isotriplets (T=1) 0+ —0*
2. Elementary process: p—>ne’v | Vud | = 0.9737 (l)e.x‘p. nucl (B)NS(I)RC[S]R)MI
3. Only conserved vector current

4. 15 measured to better than 0.2%

5. Internal consistency as a check

6. SU(2) is very good —> corrections are small

Small differences in ft due to isospin breaking:
a. RadCors (em. interactions violate isospin)
b. Nuclear WFs are not SU(2) symmetric

(proton and neutron distributions differ) &M
From exp.: f - phase space (Q value) To obtain Vud —> absorb all decay-specific corrections into universal Ft . &
t - partial half-life (t,,,, branching ratio) v ’ v
Ji(1 + RC +1ISB) = Ft(1 + Ay) = ft(1 4+ 6)(1 = + ng)(1 + AR)
L ZEMg Eﬁca BZGa Tde
3090 1nc 34 Mm .wv SACO
3080 “o Al "‘Ar “Sc™Mn { ~ Measured QED Isospin-breaking Nuclear structdre Universal RC
| . 3100
_ Pre-2018: %t = 3072.1 0.7 s
fi 3060 } 309 Hardy, Towner 1972 - 2020
s } ‘+_ - ‘ Ft 00 } + } | PDG 2024: F1 = 3072+ 2
_ s * e
3040 | ;‘ 30701 L A X } 2 2984 .43s
- * 3060 L. . : . T | m]l
3030 e T 5 10 15 20 25 30 35 f(l+A )

. Z of daughter . i
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CKM matrix element determination V. .

Vs is obtained from K5 d tK->ml |
us IS ODTaInedirom ks decays Ty 1(1/2) for neutral (charged) Kaons

GQA[) \

2 g —— Measured distribution Ve
Trez = LK Spw (14 6% + 85172) 0% |Vus|* £2(0) I
19273 ’\
Long-distance EW RadCor IB at g2=0 (for K*,
Short-distance EW RadCor normalized by neutral)

Average of the six modes (+/S/L,e/p)

(Valuable ChPT input)
FLAG (lattice) — f_|_(0) = 09698(17) Nf =24+1+1 f+(0) =0.9677(27) Ny =2+1

2

/X
[Vus| = 0.2238(4)exp+RC(6)1attice (N5 =2+ 1, Kyz decays) 5=/
= 0.22330(4)exp+RC(1attice (Nf =2+ 1+ 1, Ky decays)

Vius/Vyq is obtained from K, ,/7,, decays, using FLAG for f/f,. Averaging with K5, leads to Vus — 0-22‘431(85) S = 2.5.
V. is obtained, with less precision, from tau decays into K(r) & the S spectral function, & from hyperon decays.
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CKM matrix element determination: 15t row unitarity t?st V,
d. L

0+t—0* ' '
From superallowed 0*->0* decays: | Vud | = 0.9737 (1)‘8.1'}). nucl (B)NS ( I)RC[S]mmf

Average between K ,/m,, & K, leadsto 1/, = 0_22431(85) S =25,

Vb is negligible, with current precision: |V ,|?~(0.004)2~1.6x10-°< (Comparable) uncertainties on |V, p_q ¢/

Unitarity test (giving rise to the Cabibbo tension): |}/, /1% 4+ |V,,4|* 4+ |Vip|* = 0.9983(6)(4),

a 2.2c deviation.
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CKM matrix element determination

V.4 is obtained from D3 decays: D ->n l v & from D,: D->(1/n) v decays. The
normalization (in the former) and the decay constants (in the latter) are obtained from
lattice QCD.

fP™(0) = 0.612+£0.035 | Ny =2+1+11 ]
V.q| = 0.2330 + 0.0029 + 0.0133.
fp =212.0 4+ 0.7 MeV Ny =2+1+1]

| Vea| = 0.221 = 0.004.
V4| = 0.2181 + 0.0049 + 0.0007 — [Ved

exp theo

Itis also accessible from v scattering data, sensitive to [V 4[xBR(D,,)

V.a| = 0.230 £ 0.011
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CKM matrix element determination: (15t &) 2" row unitari}y te$7c_i
a; "

V.. is obtained from D, decays: D -> Ll v, from D->(1/u) v decays & from v scattering data producing Dot w

V.| = 0.221 4+ 0.004 .
fp. = (249.9 £ 0.5) MeV
f,.PX(0) from lattice QCD

V. is obtained from D ->K |v or from D,->(t/u) v decays:

Vs = 0.975 + 0.006..

V,, is negligible, with current precision: |V,|?>~(0.004)2~1.6x10-°< (Comparable) uncertainties on |V p_q¢|?

Unitarity test: IVeql?+|Ves|?+|V|2=0.999(12), saturated by the V uncertainty.

From W decays, one can verify 15t & 2" row unitarity: |V 4]?+ Vs>Vl ?H|Veg|?+IVes |2 +|Vop|2=2.002(27), using lepton

universality, with LEP data (|V,, .p|~0). 1/8(1{1; N (’-’L_’F‘) _ 3[1 +qu.‘(r,d,ﬂ,b ‘Vu|2 (1+(¥H(w)}‘rﬂlﬁ,)/W)Jr. N ]

B(W — i) = (10.83 £ 0.07 £ 0.07) %
15t GOL.: V| 2#|Voo|2+|V,|2=0.997(2) (|V|~0, error from |V 4|)
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CKM matrix element determination

Other unitarity tests require some V,, element.
The problem is that t has only been seen decaying to b quarks, |V,,|~1.
PDG finds (S=1.5) I'(t->Wb)/T'(t->W(d+s+b))=0.957(34), constraining |V, |%/(|Vip|?*|Vigl?+|Vis|?)-

There remain the 13 & 23 elements, B-physics related. HQET & Lattice QCD are fundamental (also important LCSRs).
V., is obtained from the B -> (D/D*)l v decays [exclusive] or from the b->c | v process [inclusive]. I'(B.->l v|) is not yet
precise enough. Error in extrapolating data to the zero-recoil point, predicted by HQET. Inclusive predictions use
OPE(ag,my™).

V| = (42.2 £ 0.5) x 107%  (inclusive)

: ———— [V = (41.1 £1.2) x 107?  (average). =3
V| = (39.8 £0.6) x 107%  (exclusive). Vep| = ( ) (average).  S=3.0

V,, is obtained from the B -> (n/p)l v, decays [exclusive] or from the b->u [ v, process [inclusive]. I'(B->l v|) is not yet precise
enough. More difficult than V_, for the light quark (=>LCSRs) & the background from charm.

exp theo A model(in getting the BR from the partial measurement)
V| = (4134012 F :::j, +0.18) x 107*  (inclusive),

, e Vil = (3.82£0.20) x 107 (avcrage). S=1.4
V| = (3.70£0.10 £ 0.12) x 1073 (exclusive),
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CKM matrix element determination

d
Other unitarity tests require some V,, element.
The problem is that t has only been seen decaying to b quarks, |V,,|~1.
PDG finds (S=1.5) I'(t->Wb)/T'(t->W(d+s+b))=0.957(34), constraining |V,|?/(|Vip|?*|Viql?+|Vis|?)-
Still, |V,4| & |V, can be accessed from the B & B, neutral meson mixing oscillations q u,c,t E
(see neutral meson mixing): > >
W W
By|H By V, Vi Vi Vi, S(ri ) ~ Vi S(ry,r
(Ba|Hap=2|Bg) ~ id Vib ViaVip S(ris1;) ~ Vig S(ry,my), =
Z:’ 1 Mg q
* X o+ 3 q W b
Vudvu.b ~ Vc:dvcb ~ thth ~ AA ——— NN
Similarly, for B system, this mixingis ~ Vi S(r,,ry)-
lattice QCD results fp,\/Bp, = (210.6 + 5.5) MeV and fp,\/Bp, = (256.1 & 5.7) MeV u,c,ty AU, cC,t
Vgl = (8.6 +£0.2) x 1077, Vis| = (41.5£0.9) x 1072
B VAVAVAVAVAVA S
Cleaner: |V;a/Vis| = 0.207 £ 0.001 £ 0.003. o W g

With better future data, also from K->n v v,

B->n por B->(p/K*)y (see rare decays)
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Vaudl® + |[Vaus|® + |[Vip|* = 0.9983(6)(4), a2.2c deviation.

[Vogl2 + Vg2 + V|2 = 0.999(12) @ uct b
g wet 2
Vol + Vo2 + Vypl? + Vogl? + Vg2 + Vg2 = 2.002(27) (W decays) " W
Vgl + Vg2 + [Vygf2 = 0.997(2) 5 ol a
|th|2 + |VtS|2+ |th|2 ~ |th|2 =0.957(34) —g—vaYmv—E——
V]2 + [Vs? + Vg2 = 1.001(12) u,c,tY pu,ct
IVupl? + [Vgpl? + [Vip|? ~ [Vip|? = 0.957(34) _E_JWV\\}I-W_;—;_
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The neutral Kaons system & CPV 7.\ a) = | — 5, =\ a)

v X 7, X @) S |5\ —a)

— 5 c ci> ) R o ~ =+ For ultra-relativistic particles, helicity A

+ + ) ] 0 (projection of spin into momentum)
Vp T K P Tt + Pro) SR 1
Vy T H degenerates into chirality (Lorentz
invariant), so that LH (V-A ccinthe SM)
C CP CP C neutrinos have negative helicity.
\ C & P are both maximally violated by
£ . ‘ -2 . o=
) . & - > ) ._ d weak interactions but their combination,
v, T e P vy, T i CP, is very approximately conserved (a

represents internal quantum numbers,
x , like electric charge)

This is extremely important, because the Zakharov conditions for the Baryon Asymmetry of the Universe are:

- B (orlL)violation, which are possible through anomalies (not covered here).

- C &CPviolation, enabled by weak interactions within the SM (we will discuss CPV extensively).

- Interations out of equilibrium in the evolution of the Universe, so asymmetries are not washed away (not covered here).
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The neutral Kaons system & CPV

K™ Su | K° —ds
States in the flavor basis: S=+1: = , S=-1: | = _
KY 5d K s
| | w1
d
0 “é §“' o
i - T}_‘ 5
Weak interactions mix (maximally, since itis a two-level system) both states at order g*~G¢?, so that . A 3
KY T & a.ct K©
~() 1 -0 7V —0 I ——AnA—3
K1) = —2“11 )+ K )] CP|K®) = —|K") W
1 _ TN — | KO In absence of CPV, K, ,0 would be the K, so that
|IK9) = —[|K") — \KD)] CP|K ) = —|K") - oL

K ->31 & Kg->27 (K ->27 & Ks->31 would be forbidden).
K_s are the mass and lifetime eigenstates

V2
O(1)GeV =s hitting a p target produce only K°(Exercise: Why?), which evolve according to

IKO(1)) = 1 {ll{i)>e—iﬂ-flte—f‘lt/2 + |Kg)e—ii\fgte—f‘gt/2}’ |
K5) = k) +E (K)o KD = [K)+ 5 [KT)
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The neutral Kaons system & CPV . § § a

O(1)GeV =s hitting a p target produce only K°, which evolve according to )

—1 | 1M W
|R0(t)> — \/E {lIX i)>e—h\-hi.€—f‘1t/2 4+ Rg)e—u’\fgte—f‘gt/Q} : NN A ]
KY u.c.t a.c.t KUY
which, in terms of the flavor states, is 7 W

1 . . . i e T —
|I{'[J(t)> _ 5 {[8—.!11-1113,6—&:/2 + e—m-!zte—I‘gt/Q]|K[]) _ [(_’. zf\flz.e /2 e .ti\-Ig!.ﬁ I‘2£/2]|I{”)} ‘

This gives rise to the oscillation pattern
1
(K| K°(t))|* = 1 {e_rlt +e T2t 4 2 cos(Am - t)(z_(r‘Jer)“/z} .
— 1
(K| KO(t)|? = i {e—l“lf- +e T2t — 2 cos(Am - t)e—<f1+Fz>‘-/2} .

It happens analogously for other neutral-antineutral mesons, D°—D°,B°—§°,BS§S. In the approximation that a v oscillation is
described involving only two flavors, it is similar (with I'=0 -so far-, they propagate at v~c).

Discovery of CPV through BR(K, -> t* 77)=1.97(1)x10-3 & BR(K, -> ° 1%)=8.64(6)x10 at Brookhaven Cosmotron
(Christenson,Cronin, Fitch, Turlay 1964).

Note that the difference between 3m_~m, is relatively large making t, ~570t«s, Which does not happen for D's or B's.
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General mixing formalism

Arbitrary mixture of the two flavor states (P=K,D,B,B,) /y _ 0 pO\ — a,(.t)
(o) = a0 1P") b0 1P = (560 ).
. d .
Time evolution in the meson rest frame i dt |¢'(t)> = M |'U(t))
Assuming CPT, the mixing matrix is M — M M, _ 3 ' Ty
M{y, M o\ I}, T
AF=2 transition amplitude (F=S,C,B)
1 1 ‘ — 1 / —0).
My~ 5Ty = 5o {(P“|HM=2<0)P”> -5 f d'z (P°| T (Harp=1(2) Hap=1(0)) |P“>}
/ Box diagrams Non-local contributions with dispersive (M) & absorptive (I') parts

Real, in absence of CPV

1 , . _
Lip = 537 2" Y 8V (g0 = pa) (P1Har=1(0)In) (n|Hap=1(0)| P)

™~

On-shell states to which both meson and anti-meson can decay
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General mixing formalism
Py) = pIP°) F q|P°),

\/Ipl +|qf’

_ i\ M2

— & Myz — 31
My — 5T

Physical eigenstates

i~
|—|.
_I_
0

With

' 1 ' |
Mp_— -Tp_ = (M - EAM) _ % (r ¥ AI‘) ,

& eigenvalues
L
AFEFP+ —Fp_

AM =M P, — M P
Q= arg AI]Q/FLQ)'

1 .
(AM)? — 1 (AT)? = 4|Mp,|° — [T15/° AM AT = 4Re (M%) = 4| M| |Tys| cos ¢,

If M, & Ty, were real, q/p=1& CP|P") = —|P") (P, <->Kg, P,<->K))
1 0 )
P E—(P:FP), CP|P,,) = +|P,,).
[Py 2) 7 [P7) F|P7)) . |P12) 1Py 2)
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General mixing formalism
pl* —lgI* _ 2Re(?)

If there is CPV, the two mass eigenstates are no longer orthogonal (P_|Py) = —5 5 = —5
p[” + lql (1+ &%)
0 (t q t 0
The time-evolution of states is described by ( ”?U(t)) ) — 91( ) PQZ( ) ( |}fn> ) ’
P(t)) Laa(t)  gi(t) 1£7)

g1 (1) ) _ —iMt Tt/2 ( cos [(z — iy)'t/2] ) |

. _ H d H )
Where the time-dependence is encoded in ( o (t) —isin [(:17 _ iy)Ft/Q]

 AM AT
With the parameters L= | D J = or -

x & y characterize the mass splitting (determining the oscillation frequency) and the inverse lifetime difference. These
parameters are quite different for the diverse neutral meson systems: K, D, B, B..
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General mixing formalism
FLAVOR PHYSICS AND CP VIOLATION

OSCILLATIONS OF NEUTRAL MESONS j - ) ~ [ ~ i
1—p2)+n?2= )F%f Elliptic constraint on UT

Master formula for the mass difference (oscillation frequency)

» nonperturbative and short-distance QCD effects play an important role

Vi Via (VEVp)?
_ b W d
J[-]."SI t r‘
d Y oAb
V) Yy
Dependence on m, hinted it being very heavy from ARGUS 1987 data!!
G2m? m? 1 _ _ _
Amp = 71% - | VigVis|” So(;f nqcp — (B°|(db)y —a(db)y 4| B®)
™ / My, T mpg \
0.76 . . _ §B 2 2 .
So(z) = 0.784 x; perturbative QCD corrections — 3 Bfpmp lattice QCD
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General mixing formalism

X & y characterize the mass splitting (determining the oscillation frequency) and the inverse lifetime difference. These
parameters are quite different for the diverse neutral meson systems: K, D, B, B,. Width and mass differences:

Tw~5707s
X~y=1/2

KL

-0.02-0.015 -0.01-0.005 0 0.005 0.01 0.015 0.02

ps?

X~77%.,y<1%

3 2 3 0
ps"

Flavor Physics & CPV

D, D,

X,y<0.8%

10 8 6 4 2 0 2

ps

4 6 8

X~27,y~-6%

(no % missing) }
|

B:,L
0 5 EJ
ps
CLASHEP2025

B decays are an optimal place to search for
CPV signals. Effects are smaller in K decays
(although CPV was discovered there) and
are difficult to measure in D decays.

0.9

T
Amg = 0.5050 = 0.0023 ps B‘I.B‘UE

(LHCb 2016)//%
background | ’ 3

0.4 3

0.3; h ~

0.2f E

N(I*+,17) = (N(IH,1%) + N(I7,17)) 3
N, 5) + (N(F, 1F) + N(=, 1)) ]

045 A (lAt) = g
E | | [
0 1000 2000 3000

Az (um)

March 2025, first
CPV observed by
LHCb in baryon
(A,) decays
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Indirect CPV in the neutral Kaons system . e

d
CPV needs the interference between two contributions to the amplitude for a given process. R? ”é g"' A
It can arise from meson-antimeson mixing, final-state interactions, or from both. izl ’

initial final imitial final g —
state state state state

g I — i }_u 1 — 0 B0 uet act KO
: . :

W | IP:F)

=

i

1 0 _q d —— "N NANA———F
= or DT
p|” +\q

D(Kp—n ¢y —D(K,—7¢5)  |p*-l¢g° 2Re(Fx) 3394 0.06) . 10~°
—pt+ K +£—‘— o 2 2 _ 2'_'-(' ’ )
DKy —m Cv)+ (K =7 ¢ ) |p[” +]q (1+ |2x])

]"t- il

Q0| — T | (@ 0 | 1 _
u"f-

m K 5 i

ALE

Re (&TK) — (1.66 + 0,03) . 10_3 , this proves there is indirect CPV, coming from the mixing amplitude.

CPV requires big asymmetries, that are enhanced (as well as possible NP effects) in suppressed decays.
[(B) — X €Yy) —T(By — X0 1)
D(By) — X € v) +T(By — X0 1)

q

ay =

lgs/ps| = 1.0003 £ 0.0014,
equivalently, ag@=(Ip|*-|al*)/(Ip|*+]q|*)~|Al'i/AM,|sind,~(Mm,2/m.?)(m.2/my,?)<<1, so very sensitive to NP!!

Indirect CPV not yet established in B, system: in agreement with SM expectation, |q/p|~1,
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Direct CPV

CPV needs the interference between two contributions to the amplitude for a given process.
It can arise from meson-antimeson mixing, final-state interactions, or from both.

If we know the flavor of the decaying particle (Is it P orF?)=> I'(P->f) I'(P->f)=>CPVinthe decay amplitude (direct CPV).
At least two contributions (with different weak & strong phases) are needed and the asymmetry is maximized if both have

similar magnitude:
A[P = f] = M e e + Mye'?2 e A[P = f] = Mye "1 4+ M, e "%2¢"2

P27 TP = f14+TIP = f1 M| + | My + 2M, M, cos (¢ — ¢y) cos (6, — 0y)

Weak phases (¢;) change sign under CP (like the CKM phase).
Strong phases (9;) keep sign under CP (from intermediate on-shell states, for instance n*n~ in D->K*K- decay)

.r/‘/ " % g 7 Exercise: Is the corresponding weak phase difference proportional to
' : the Jarlskog invariant? Only for the leading contribution?

I Ly | bh) diagranis for the B — K1
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Direct CPV

The search for direct CPV in neutral Kaons, €'« 0, needs to account for their mixing (giving rise to indirect CPV, gy 6). [Not
found yet in K* decays].

AL —»7"77) AR, »27)
- = = : Tog = — — 2"
== A Ky ata) KUK 0= UKy — an0) KUK
- | z (02— Im(A
ex =Ex +i&y, ex=—=w(&—&), W=t Re(dy) i, %) 515—( I)_
V2 (An) Re(Aj)

w~1/22 suppresses ¢'y. However, direct CPV is found through

‘ 1 7 —
Re (E}(/EK) =3 (1 — n]ﬂ ) = (16.6 =2.3) - 10 % . Since this is <<1, using the measurements of Noo.+. =

1 ,
el = = (210 |+ |n 2.228 +0.011) - 107, b, = (43.52+0.05)°,
3 +— 00 £ :

ek < S 1 Im[VigViVi Vi) S(rir)) o Az)\iﬁ_{nttAz)\‘i(l—ﬁ)—i—Pc}
1,]=c,t

Hyperbolic constraint for the UT

Short-distance QCD corrections
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A(B" — f)and A(B” = B! = f) CPV from mixing-decay interference

1 _ )
F[Bﬂ(t_) — f] x 5 € Lot @”2 + |Af|22 {1 + Cf cos (AM ot) — Sy sin (AM'Bot \ /
(f =CP f) Al'gy->0 common factor for CP-

conjugate decay modes

_ _ 1 _ ‘ 2
T[B(t) = f] « 5 € Lot Q@F + |Af|j) {1—CF cos (AM ot) + S5 sin (AM ot)}
e+

With the defiHitions: B 50 B .
Ap = A[B" — f], A= —-AB" — f], pr=As/Ag, L(";}So\,
With M12,F126Re CP |P%>=-|P%> & CP- and mass and lifetime eigenstates coincide. (Al'go->0) 8
A;=AB" = f], A;=-AB’ - f], pr=Af/As,
CP requires Af — Afv Af — Afa Pf = Pf Cf — _Cf_ Sf = —Sj?.
Il 2Im (377) iyl _ —2mm(§oy)
Cf:—_2? — 2 Cf:_—zﬂ f= 12 'pf'=/5}=4f€2w
1+ [pyl 1+ [yl 1+ |p7| L+ |pgl
Assumption: Only one weak decay amplitude= >p£ depend only on weak phase’(mind the penguins)
W idering CP self- ted d .
e are consi erln;g se :onjuga e decay modes S; =S5 = —(ssin [2(¢Jq + Cb )] = —(fsin (29).
q N My, N Wb\/tq __—2igy ‘ Pt 1"
o I M ~~ V. V' = € . _, _ 0 Hadron uncertainties cancel!!
Pls; 2 VoM ey _TBO S A-TIB O ST g A
The mixing ratio is given by a B'>f — F[Bo(t) N fT] —I-F[Bn(t) —>f] o £ Si B?

(Bigi & Sanda '81)
Pablo Roig (Cinvestav) 46

known weak phase !!
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0 -
B, »>n'xm

H0 0 -0
195 —> P I(S

Exercise:
Verify the
approximations
in this and the
previous slide

OB+ v=1—«

Py v = (65.7 £ 3.0)°

v is obtained from
Bs>DsK decays

and understand
the usefulness o+P+y=172(5)°
and imp.o.rtance Exercise:
gl;f‘lh;anfrlmula Vo Vi ~m AN Vip Vo ~ AN (p—in) Discuss

—sin23 = 0.709 £ 0.011. o = (84.17532)°. similarly
Many (some B->J/¥ ¢,
with many cs) B->K, ;s @,
measurements B, —> ¢ ¢,
of CPVinB B,—Ks, ¢.
decays, but
difficult to
interpret due to
Eigtra(:ainties Vo Vis Vi Vi ~ AN (1—p +in) Vip Vg ~ AN (1-p +in)

ok BAD
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Consistency of different UT determinations

Tree level
Loop level
0.7 ——————— — [ ——— ]

C 8 7 0.7 — : T T —

0.6 4 (o) ” — E8 ]

S ER Y Summer23 E 23 - Amy& Amg . -

E o 3 0.6 i d K S 71—

05 :—é = :Eg et :

E g H E e __g Sin 26 sol\wi cos 2 < 0 =

0.4 __§ X //// - E g (exchA1CL>095) ]
1= C 3 ! = 04 3 —
ol ‘ — = F 3 =

= o 3 03 — —

02 & : — E a =

E (Vi | 3 02 3

0.1 B — = =

£ ¥ 3 01 ]

00 E P IR s (RN I N E ¥ 3
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 0.0 B ol (B8, | A T J

P -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

p
CP conserving CPviolating

0.7 — o — T — T T T g T CR I T G m— 0.7 — T T T T T T T T T ]
F B ; Amy& Amg A = = ]

= 1 f = E S =
. :_é / Amd Sum:ner23 _: 0.6 __é ¥ & Summer23
=3 : 3 = =
05 —g ! = 05 =g sin2B —
E |& , - E |5 sol. W cos 26 < 0 -

E B v = 3 (exchatCL>095)
04 ! 7 = 04 —3 -
1= E e ; 3 1= c® & -
03 | I — 03 — o -
= o - E o &]
0.2 :_ : —: 0.2 :— —:
- Vo E - e

01 ; — 01 = =
= i/ M = = Y =

0.0 E y 1. M NS P B i ~ 0.0 C B — PP ] LAt pe N L o e e U B ~|
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

. . P 5
(Similar results by UTfit)
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The BaBar anomaly: CPV int->Ks 1t v_
e B(tt — Kg;fr“LiT) - Bt — Kgn_vr)

T B(tt — K2ﬂ+1_«'r) + B(t— — Kgn_vr)

= (+0.36 £ 0.01)% jn the SM, itis ~2Re[g].

vs BaBar measurement: AT — (3036 + 0.23 + 011)%

Depends on g nEDM &D
+ o / mixing constraints
I'DT—=n"Kg)-I'(D™—=n~ K
Ap = DDIom K T(D-om Ks) 4

(D>t Ks)+0(D-—n- Ks) :\(—0.41 + 0.09)%
A . A In agreement with SM
T — T 4L1]) AP VA E }:

Belle did not find any hint of CPV in a binned FB asymmetry analysis, but precision is not enough to disprove BaBar, which

should be possible at Belle-1l & STCF (Agp~0O(10-4) within reach.

It is impossible to explain this anomaly by heavy new physics (EFT analysis) due to tight constraints from analiticity &
unitarity on the strong phase + n EDM & D meson mixing constraints on the weak phase.
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T-violation measurement (in agreement with CPT, given the CPV measurement)

CPT theorem: Entangled state Entangled state

Interactions described projects PloleCtS
by a local QFT, with
Lorentz invariance an
Hermiticity, are CPT
invariant. So, CP=T.
There are extremely
precise tests from
equality of masses &
lifetimes of particles
and antiparticles. A
dynamical check can o
verify (CP)T=I. BaBar B Tag,gmg Itis NOT
checked it with 146, as Ks the exchange

shown here : th=t -
(asymmetries). projects projects

Y(as) Y4s)

Unambiguous testsin B
other systems have
been impossible so far. —0 ) —(

B B Key.Unde.rs.tgnd B :B

bases definitions
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