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Neutral & Charged Current Interactions

Mass = flavour eigenstates

Vi i
Sr, ur, f i f,f
W 70

SM: Only charged currents  SM: Neutral currents do not
change the flavour (x Vus) change the flavour (i=j) at tree-level

1-4 A AX(p+in)
Vexm = -A - % AA2
AN —p—in) -AA? 1

» SM: Yukawas only source of flavour & CP violation
» CKM parametrises CP & flavour violation
» First row from tree-level semi-leptonic decays
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Charged Current decays

» Ky and Kz extraction of A = |V 4|
2m5 o
M(K® = 7 vi(y)) = Tog51 Vsl Sew IF (0)F Q)

» QED: cSPT [Seng et.al.2019,Cirigliano et.al.’23] and Lattice

[Carrasco et.al.15,DiCarlo et.al.19]

‘KO, ‘KO -
(1 + Oy + 6’sur(lz))'

» EW corrections in W-Mass scheme [Marciano, Sirlin]
» EFT Approach [Gorbahn et.al.22 Cirigliano et.al.23]
> |Vual, extracted from nuclear § decays [Hardy.Towner20],

> ACKM =1- |Vud|2 - |Vus|2 - O(lvublz) =0.
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https://arxiv.org/abs/1910.13208
https://arxiv.org/abs/2306.03138
https://arxiv.org/abs/1502.00257
https://arxiv.org/abs/1904.08731
https://arxiv.org/abs/2209.05289
https://arxiv.org/abs/2306.03138
https://inspirehep.net/literature/1821327

(Effective) Interaction

G *
> H(x)=4 7%00 V., O(x)

> O(x) = (d(x)y*PLu(x)) (7i(x)y, PLI(x))

» SD in W-Mass scheme:
k2 k2 — Mﬁv k2 — Mﬁv k2

» UV poles — Absorbed into G from muon decay

» Combining with SU(3) current algebra — QCD
corrections to Sgw

> No scale separation and a? log and 1/s2 effects

» EFT: scale separation, O(a?), match to Lattice
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Effective Theory Calculation

» Decoupling Theorem (Renormalization [Collins]):
(LITIK) = 4Gr/ V2C (1w )Ll OIK) (w) + O(pF /M)
» Determine C(uw) in perturbation theory

» Use RGE to run (6| TIK) =
4Gg/ \/EC(yW)U(MW,[JLat)<53|O|K>([JLat) +O0(p; /M)

» Determine ( {3 | O | K') using symmetries and data or
Lattice calculation

» Lattice: have to convert Lattice to continuum scheme

» Residual uw and u. dependence reduces at N" LO
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Lattice Renormalisation

» off-shell renormalisation conditions
> RIV —-MOM: py =po=ps=ps=p, p°=-u

> RI-SMOM:

P1=pP3, P2=pPa, P12=P§:—}l2

_ 1
; P1-P2= 2&”
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Choice of Projector

> of = o T(S; (p)p) A1, A = A

4p P

> AP = AP#*(p)®y,P. + O(a), only 2 form factors in
RIMOM A°#(p) = Fy(p)y*P. + F2(p)pP"p/p?PL

» Choose P = — (PPr ® pPr + p?/2y"Pr®y,PR)

1
12 p?
» Projects out F{(p) — no pure QCD corrections

— = e e wa\1/2
> Cl(\)/IS—>RI _ AMS ( GB/IS UZAS 02/15)

8/36



RI and MS Wilson coefficients
Including 2-loop EW matching and 3-loop RGE Mg, s,

Moretti, EM]
5
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For Vud we have Co(mc) = 1.00754 [Girigliano et.al.23] —
Co(me) = 1.00794
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https://arxiv.org/abs/2306.03138

K—onvv
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Rare Kaon Decays: CKM Structure

s W', Using the GIM mechanism, we \ g
can eliminate either V" Vg or
Vus Vud = - Vs Ved - Vis Vi d

Z-Penguin and Boxes (high virtuality):
Z, Y8  power expansion in: Ac- A, o 0 + O(me/Mu?)

Wt

v/g-Penguin (expand in mom.): Ac- Ay « O(Log(me?/my2))

ImV; Vg = —ImV;Vea = O(X°)  ImV,V,q =0
ReV) Vug = —ReViVey = O\ ReV Vg = O(N°)

» K — v (from Z & Boxes): Clean and suppressed
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K — ntvv at My

v

v
Z ViaF(xi) = VisVia (F(x) — J) +v:s cal )

Quadratic GIM N M2 M2C In ' 6\ Qcﬂ
Matching (NLO +E\/y /
Operator
Qv = (stypdo)(vivHve) <« Mixing (RGE)

» Below the charm: Only Q,, ME from Kj3
> semi-leptonic (Sy,u.)(vy*€.) operator: x PT gives
small contribution (10% of charm contribution)
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Leading Effective Hamiltonian for u < m¢
SM: v are only invisibles = no y-Penguin =

V2aGr

1tsin® 6

7'{eff =

Y (X +AX)(BLyud)(Fey va ) +hec.

W t=e,ur

generated by highly virtual particles + tiny light quark
contribution = clean & CKM suppressed (A; = Vi Viq).

> X; known at NLO QCD [Buchalla,Buras;Misiak,Urban'99] and
two-loop EW [Brod et.al 10]:
Xt =1.462 + 0.01 7QCD + O.OO2EW

> P, = A_4(%Xe + %XT) at NNLO QCD ([Buras et.al05] +
NLO EW [Brod et.al08]
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https://arxiv.org/abs/hep-ph/9901288
https://arxiv.org/abs/hep-ph/9901288
https://arxiv.org/abs/1009.0947
https://arxiv.org/abs/hep-ph/0603079
https://arxiv.org/abs/0805.4119

Higher order corrections for P,
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> GIM in the EFT: (Charm - Up) only m®G2Q, above m;

> P, =(0.2255/1)* x (0.3604 + 0.0087) @ NNLO+EW
[Brod et.al.’21]

» Small corrections from higher dimensional operator +
light quarks below m,
> & PT matching logs: 6 P¢ [isidori et.al.05]
> Future Lattice: [Bai et.al’18]
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https://arxiv.org/abs/2105.02868
https://arxiv.org/abs/hep-ph/0503107
https://arxiv.org/abs/1806.11520

Higher order corrections for X;

R i N
s tu d s tu d
w w W, w w
v e v v e v % e v

> X = XNO + XFW = 1.469(30) up to now

» NNLO Penguin [Hermann, Misiak, Steinhauser]

» NNLO-Boxes [Cerda-Sevilla, Gorbahn, Leak; Yu,
Stamou] (related to electron-boxes): Use known
master integrals and numerical evaluation

» Matching result should be independent of n; (order by
order)
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Scale Dependence @ NNLO

» Residual y; dependence estimates uncertainty
» Reduces from £1% @NLO — + 0.1% @NNLO

X
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K — mvv Branching Ratios

> Matrix elements from K3 including strong and em
iso-spin breaking [0705.2025] k., k1, Aem

210 (M ) L
Ky = m X 05173(25) x 10 , AEM — _0003

» indirect CP violation contribution given by r,

2
ImA%XJ +(Re/\C

Rel: \?
Brg- :K+(1 +AEM)|:(F (PC-"-éPC,u)—‘r tXt) ]

AS

Im/\t
A5

Sv;zAsa(Mz)z

= m X 2231(13) X 10_10

2
Brg, = KLreK( Xt) ;KL
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CKM parameters for Heg
» We need ImA;, ReA; and ReAg:
» Use exact Wolfenstein parameterization (PDG)

> S0 =A, Sp3 = A/\Z, 3136’.(S = A/\S(p + iT])Z
ImA; = A%A° + ... ,Reds = —A + ...
ReA; = A2A5(5 - 1) + ...

PDG p 7 1A
2020 0.141(17) 0.357(11) 0.22650(48) 0.790(17)
2022 0.159(10) 0.348(10) 0.22500(67) 0.826:007%

» PDG fit assumes SM = unbiased SM prediction
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K — mvy in the Standard Model
» 2105.02868 Standard Model Prediction

BR(K" —» n™vi) = 7.73(16)sp(25).p(54)para. X 107",
BR(K, - 1) = 2.59(6)sp(2).n(28)para. X 107

» will update [preliminary numerics:]

BR(KT - n™vi) = 8.25(11)sp(25)p(57)para. X 107",
BR(K. - n%vi) = 2.83(1)sp(2)p(30)para. x 1071

» NAG2 collaboration

BR(KT — ntvi) = (10.673% |40 £ 0.95y5¢) X 107
3.4 Y

» JPARC-KOTO has BR(K, — n®v#) <2.0x 107°
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https://arxiv.org/abs/2105.02868

K—utu
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K— putu”

m
SD: Y; + Yunio from SM L£228 gives € = 0. [O(A, M—gAC)]

w

LD: from y-y loop is CP conserving: O( afiD)
Setting ek to zero, K| and Kg are CP eigenstates:

KiCP BRexp (H+#_2)E:o (‘Ll+‘u_)2—:1

] . m
KY  6.84(11) x 10° A, v Ao vy (6P =0
w
KY <21x10"  6P:Im A y-y

¢ is not experimentally accessible, but interference term in
time dependent decay sensitive to SD [p'Ambrosio, Kitahara '17]
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https://arxiv.org/abs/1707.06999

K(t) — ' u”

% o CLe "t +Cse "5 +2[Csijn sin(AMt)+Ceos cos(AMt)] e~

Csin/cos = Im/Re {(A(‘JS)*AOL + (A1S)*A1L}
BR(Ks = w i )" wsIASATP 15 C2

int

BR(K. — ptu~) o |ALF T C?

where we assumed Af = 0, ex = 0
> Measurement of BR(Ks — p" 1™ )¢—o [Dery etal21]
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https://arxiv.org/abs/2104.06427.pdf

NNLO, EW and ex =0

Higher order corrections from b — s¢*¢~ for 5 flavour
{NNLO QCD [Hermann et.al.13]; 2-loop EW [Bobeth et.al.13] RGE [Bobeth et.al. 03]}

BR(Ks — u*u )Pe” = 1.70(02) acp/ew(01)5, (19) param x 107"

indirect CP violation mixes y-y: AS — Ag’ + ex A

BR(K; tuo
ol bt 1 VE

Ccos —sin
BR(Ks — ptu)Pe ( Po = sin o)

[Brod, stamou'22] @nd can shift by O(3%), while ¢y can be
obtained from K, — u"u™ and K. — yy [pery etal22]
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https://arxiv.org/abs/1311.1347
https://arxiv.org/abs/1311.1348
https://arxiv.org/abs/hep-ph/0312090
https://arxiv.org/abs/2209.07445
https://arxiv.org/abs/2211.03804




CP violationin K — it

(' |KL)
(r'r|Ks)
ek = (2n4- +100)/3, € = (N+-—100)/3
<(7T7T)I:0|KL> _
((mt7t)1=0lKs)

i -M - Im(M2)Prs
e'®e sin (Pe% arg( r1212) — e sin (Pe((A—I\Z() + 5)

> Experimental definition using n; =

> ek theory expression ex ~

|m<(ﬂﬂ)I:0|K0> AMK

0| 4IASI=2| [0 Dis = arct
(K°|H |K®) — Im(My2)""*, —Re((nn),:0|K°> — &, ¢ = arctan NPIE
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Kaon Mixing: CKM Structure

Y AVAVAV—
u,C,t w=
> )\u)\u X u;y A Uj
Ujs Uy t J L
d W s
e VAVAVAV S
Im Re (0]
A2~ AT~ AT mE/ME
Ac Ay ~A%  ~ A% m3/MZ In(my/m;)
A2~ Q8 ~ 2 m2ME,
A Ay ~ A%~ A5 mE/ME, In(my/m,)
A2 0 ~ A2 m3ME,
Where A; = VigVy,, A = |Vys] ~ 0.2 and we eliminated

either: A, = -A;—Ajor As = —=A, — Aq.
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AS = 2 Hamiltonian - Phase (In)Dependence

> Recall e o« arg(—M12/F12)
> Trick: pull out A, and (A;)? from HAS=" and HAS=2;

» Rephaseing invariant: /\,-/\j*. = VigV \/j*d\/,-s

I;

> One Operator: Qsz = (S y,dL) ® (sLytdL)

G2Me,
M= osz{na () + i [f2 Ca() + £ Ca(u)] } +he.

> fi = A%, fo = 2Re(A;AY) and f3 = A2
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ImM; > without AMy pollution

» Using CKM unitarity and the PDG convention we can
also write (as used in Lattice [Christ et.al]):

G2M?

1 | ACE()+AF (1) +1uAi Ceh (1) | Qsz-thc.

A=2 __
7‘{f:3 -

» Now real ReM;, and ImM,, are disentangled
C&=Cy, CL=C, CYL=Cs

Cs « (Atu —Aic + Acc — Acu) —
— (Auu - 2Ac + Acc) - (Atc —Au+Auw - Acu)

» NNLO QCD corrections [Brod et.al/10,Brod et.al;11] O Cgtz
absorbed into 7, [Brod et.al:19]
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https://arxiv.org/abs/1007.0684
https://arxiv.org/abs/1108.2036
https://arxiv.org/abs/1911.06822

Residual scale dependence

Residual p. dependence

LL
NLL

. = NNLL

FaN Way PR * S —
- ’.T.-~~~~ —
., —
0.38 4 i
0.36 e,
1.0 1.2 1.4 1.6 1.8 2.0
fic [GeV]
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Further Improvements

lex| = 2.170 (65)pert. (76) non-pert. (153) param. X 103

3

> By =
T oM

(K°|Q"*5=2|K®) ™" (unqq) from Lattice
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FIAG2019 Bk

T
T FLAG average for =241 1
&
7 . E.g. RBC UKQCD uses
] FLAG average for N—2+1 . .
O recuKaco 1o SMOM kinematics
- RBC/UKQCD 148
. SWME 14
_ . SWME 134
{t 4::?_ SWME 13
¥ . e d(p1) d(p1)
—— SWME 114
- BMW 11
— O RBC/UKQCD 108
—— SWME 10
—t+0+— Aubin 09 1
|
FLAG average for Ny =2 >A<
[l _ ! _
1 8 e 5(p2) ! 5(p2)
0.70 0.75 0.80 0.85 —2q

Define momentum-space subtraction schemes
Projected renormalised Green’s function P, )(Ar) —

V) o1
ZVwrw) _ (Z\Vu
o =(2") Py, (As)

Z0ee) /ZMS converts between Lattice and continuum

Qs2
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SMOM Bx @ NNLO

T el Tt
TR oSS P

D3

SR P sl

Ijk/

> Use projectors to find A, - at 2-loops

> Integrals reduce to scalar off-shell 4-point functions
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Combine with Lattice values

» The result should be independent of the matching
scale

N C (Il w)u™ (1) u(uo)

» study scale variation settlng to = |p

» Compute By for f=3,4 for SMOM, RIMOM, R'MOM
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By at NNLO

0.82

- yy@NLO - - - ¢§@NLO RI-MOMjg@NLO ~ “**** RI-MOM;; @NLO
— yy@NNLO ¢4 @NNLO RI-MOMjs@NNLO = —  RI-MOM,;; @NNLO
0.70
2 3 4 5 6
v (GeV)

Numerics of NNLO result by [MG, Kvedaraite, Jager]
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Back to K — mvv

» CKM factors of ex and K — mv are quite similar

> Infact BR(K — nvi)/|ex|*® is effectively Vg
independent [Buras, Venturini '21] for current theory
calculations

» This provides an excellent null test of the Standard
Model

» Multiplying with |ex|®®2 results in a model prediction

for BR(K — mvi’) that does not aim to explain other
observables with 5% uncertainty

» But parametric and theory uncertainties are
something different
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https://arxiv.org/pdf/2109.11032.pdf

Conclusions

» Measurement of K — v v can be compared with
precise theory prediction.

» New formula for ex allows for better theory control.

» NNLO calculations for electroweak and
lattice-continuum matching will increase precision.

» Precision test of the standard model (EFT)
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