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Topics in Kaon Physics: A Personal Selection

> (Semi-)leptonic decays
> K — v

> New Physics contributions
» Missing:
€’ /e — Peter Boyle
> Other rare decays (Ks;. — (1)¢*¢")
> New physics invisible final states,
>
>

v

AMy

2/27



(Semi-)leptonic Decays

> K3 Observables: K — név,
> Input: Sew = 1.0232(3), Ik, (Phase space), Ck (C.G.)

2 2
(Kis)) = Toz CreSewl Vs P (0)hee(1 + 68y )

» K(7t), Observables: K(n) — v,

2

M(mg)) | Vasl me \1—m2/m? “
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Constraints

» FLAG webupdate 2020:

((T(L’S)) |Vus|f+§ ) 0.21 65(4)

€2 Vis | Tk

— =0.2760(4

r(ﬂgg) Vud f ( )

» First principle calculation 6 Rk, =-0.0126(14)
[1904.08731] in the isoQCD limit gives

Vus f—K = 0.27683(35)

Vud fn

> They also include the QCD x QED running
[hep-ph/0805.4119]

» In addition, we also have:
> nuclear g decay: |Vyq| = 0.97373(11)exp (9)rc (27)Ns
(Hardy and Towner)
> CKM unitarity |Vygl? + |Vusl? + [Vl = 1
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http://flag.unibe.ch/2019/Media?action=AttachFile&do=get&target=FLAG_2020_webupdate.pdf
https://arxiv.org/abs/1904.08731
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FLAG2020
Vs & Vg Using Vs | T _ 0.2760(4)

Vud fni
FLAG2020
0.228 A
0.226
02244 . .. T
3
S L~ A e
0.222
[ lattice results for f4(0), N,.=2+1+1
0.220 1 I lattice results for fi=/fp+, N,.=2+1+1
: [ lattice results for f, (0), N, =241
[ lattice results for fi«/fps, N,.=2 + 1
[ lattice results for Ne=2 + 1 + 1.combined
0.218 1 [ lattice results for Ny=2 + 1 combined
: nuclear B decay
0.955 0.960 0.965 0.970 0.975 0.980
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Some recent work

> Using ‘\\;“S ;K‘ = 0.27683(35) and isoQCD

parameters [21 04.06747]:
> |Vyal? + | Vusl? 4+ |Vupl? = 0.99861(48),i.e. a~30¢
deviation from CKM unitarity
» Lattice QED x QCD predictions result in several
discrepancies in data 2012.02120.
» Determine xPT counterterms for Kz from y-W boxes
on Lattice [2102.12048]
» Used in updated |V 4| and |Vs/Vyg| determination
[2107.14708]

> results in an even larger deviation
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CP violation in K — nmt

(n'm|KL)
(rim|Ks)
ek = (2n4- +100)/3, € = (N+-—1N00)/3
(7)ol KL)
((mm)—olKs)

) _ ) Im(M Dis
g% sin qu% arg( I{\:,;Z) — et sin qbe((A—l\}lzK) + cf)

> Experimental definition using n; =

> ek theory expression ex =~

|m<(7'(7'[),:0|K0>

KO H|AS|:2 RO I M Dis
AHTRE = Im(Vhe) ™ R o)y olKO)

2 A = _ _
> SRMZB = (ROIQ°S 21K (jinaa)

> Qs2 = (SLy.d) ® (sLytdy)

~ AM
- & (7)6 = arctan m
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Kaon Mixing: CKM Structure

e AN
u,C,t w=
> )\u)\u X u;y A Uj
wiug .
d W s
—NNNN——
Im Re (0]
A2~ AT~ AT mE/ME
Ac Ay ~A%  ~ A% m3/MZ In(my/m;)
A2~ A8~ A2 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.



AS = 2 Hamiltonian - Phase (In)Dependence

> Recall ek o arg(—Mi2/T12)
» Trick: pull out A, and (A;,)? from HAS=" and HAS=2;
» Rephaseing invariant: /\,-/\j. = VigV Vj’;,\/js

2 N2
CeMy ng{f1C1 () + i [f2 Calpt) + 5 Ca(u)] } +he.
2

AS=2 __
T aey)

> J=Im(VysVep V,, Vs), f1, f2 and f5 are rephasing
invariant

» Real part f; = |A,* is unique

> Splitting of f, = 2Re(A;A}) and f; = |A,[? not, but
expect good convergence for C, and Cs.
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Traditional Form
Traditionally the effective Hamiltonian is written as:
GZM2,
472

HAZ? = [A2C% (1) +A2C, (1) +AcACE (1) | Qsathec.

where f, = 2Re(A;A%), fs = |A,[? and, using PDG
convention and CKM unitarity,

C&=Cy, CI=2C,-Cs Cl=Ci+Co-Cs

> A, denotes amplitude with internal charm and up

> Cy « Ay — 2A. + A bad short distance behaviour
» (C; determines AMy via ReM;»

» But C; contributes to ImM;, and hence ex
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Residual scale dependence
0.6 —mmmmm————r————7—+—

Net

0.2 1 1 ]
1 1.25 1.5 1.75 2

e [GeV]

> QCD corrections to CZ, — 14 = 0.497(47)
» QCD corrections to Cg5 — 1. = 1.87(76)
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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)

» Extract anomalous dimensions and matching from
old calculation and incorporate matching from 7.
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Residual scale dependence

Residual p. dependence

LL
NLL

. = NNLL

FaN Way PR * S —
- ’.T.-~~~~ —
., —
0.38 4 i
0.36
1.0 1.2 1.4 1.6 1.8 2.0
fic [GeV]
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SM prediction (1911.06822) using PDG input

lex] = 1 CeBil Venl2A%7 X [IVeoP(1 = p)nie(Xe) = 1ur(Xe, x1)]

sin 23

Vi e By = 0.7625(97)
[FLAG 2019, 1902.08191]

\ o |5V =2.16(18) x 1073
gmt (2%)
C" (4%
& e leop) = 2.228(11) x 103
Ke

» Improvements 2108.00017 2-loop EW, NNLO 4
[Brod, Gorbahn, Stamou, Yu] and patice [GOrbahn,
Jager, Kvedaraité] matching in progress. Lattice x.
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https://arxiv.org/abs/1911.06822
https://arxiv.org/abs/2108.00017

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: vv are only invisibles = no y-Penguin =

\/§C¥ GF

71sin® 0

7_{eff =

Z (/\CX[—F/\tXt)(éL)/‘udL)(ﬁgLyHV[L)—l—h.C.

W t=e,ur

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

> X; known at NLO QCD and two-loop EW:
Xi = 1.462 + 0.017gcp = 0.002gw

> P; = A*(2X® + 1X*) at NNLO QCD + NLO EW is
b _ (0.2255

4
) % (0.3604 + 0.0087)
A =~ Vs and updated values from [2105.02868]
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https://arxiv.org/abs/2105.02868

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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K — mvy in the Standard Model
» 2105.02868 Standard Model Prediction

BR(K" - n™vi) = 7.73(16)sp(25).0(54)para. X 107",
BR(K, » n%vi) = 2.59(6)sp(2).0(28)para. X 107" .

10" x B, =773+ 0.12ya00 % 0.01xew % 0.11p, = 0.24sp,, = 0.04,,
+0.13; + 0.464 + 0.18; = 0.03; = 0.05, + 0.15,, + 0.05,, .
10" x B = 2.59 + 0.06 a0 = 0.01ew + 0.02,,
+0.16; £ 0.224 = 0.04, + 0.02,,
» NAG62 collaboration
+ +.,5 +34 11
BR(K™ — m"v¥) = (10.677, [stat £ 0.95yt) X 107
» JPARC-KOTO has BR(K, — n’vi) <3.0x 107°
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https://arxiv.org/abs/2105.02868

New Physics
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Heavy New Physics

C(1),Sd
I — -
ﬂeff D) ('IOOqTV)Z Z (SL'}/‘udL)(V{’LVHVcL) + h.c.
t=e,u,t

» Currently: 1/ C,S)’Sd ~ 2 in units of 100TeV @ 20

» 10% measurement: 1/ C,(;)’Sd ~ 4 in units of 100TeV

» Same light (m < vey) particle content
» Match onto AS =1 and AS = 2 to find correlations
in UV models
» E.g. K —» vy, AM, ...
> General one-loop result involves effects of symmetry
breaking

» Could be extended to extra light degrees of freedom
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Theory Setup

Aim: 1-loop results for all renormalisable models:

sdv sd
6 > (Sy!P. d)(vyy Un» o2

and also (5rd)?

0Lt O

(50" P,d)F,+h.c..

» How to calculate without specifying the theory
» Renorm. theory « Tree Unitarity [Cornwall et.al. 73/74]

> 0= Z 9vivovs Qv s + 9vovavs Qv vy s + 9vavivs Qvov, s

v

ldea: Combine generic Lagrangian with sum rules
[1903.05116] derives relevant sum rules

v
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https://arxiv.org/abs/1903.05116

Generic Vector Interactions

L/R T i
L3 = 0,7 Voun ' Pupp 90 vczvs(Vw,y Vi 0 Vi 4 )
In SM, for K — vy we would need the following:
e my e
» gt ==V, oyt -2 = vy
LY S R

2e 2e
L 22 (T - Qs2)s: R _ _ 2¢
Z?jfk = Sow <T3 Qfsw) 6][(1 gz?jfk — Sow Qfswéjk
e e 1 e
> Gawew = Gawe = oz =(1- 55 )¢
w

Eliminate (product of) couplings using s(T{EIV(. . .)ph}> =0.
E.g. we can combine Z/y-Penguin and Boxes using:

Z g;fé’gz‘@ﬁ - _6V1 Vzg;EngVQV‘ _Z (g;Zfagiz?sf_gngfsggﬁaf)
Z f
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Gauge independent result for K — mvi

L L
Csdv - gV?Eﬁ gV1 hd o ol FG,B’Z
Lo — 2 V217fsgV173v v
V1 V2f1f3 V1

fo f1 Vi f3
(XV1 4 XV1 4 XVg 4 XV1 )

L L

+ Z g%f/v gv1 ?1 dgV2§f2

2
ZV1 Vo f1 f2 MZ

4 fo f1 V4
{6f1 £ 9zv;v; FV” (Xv1 7 Xy r Xy, )

L Z(yho P R Z (i
+ 6V1 V2 [ng2f1 FV(XV1/XV1) + ngzf1 FV’(XV1/ Xv1 )] }/

Extends the Penguin Box Coefficients to generic theories
(X; & FyP4(0,xty,1,0) & F7,(x,x) = FG.(x,y,1) = 0)

» Full results includes also scalars and fermion flow in
opposite direction in 2104.10930 and on
https://wellput.github.io/.
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Conclusions

» Tension in semi-leptonic data at the level of QED x
QCD corrections.

» New formula for ex allows for better theory control.

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

» Suppression in the Standard Model gives high
sensitivity to new physics.

» Generic one-loop results for realisable models of new
physics available.

27 /27



	Content
	(Semi-)leptonic Decays
	CKM Factors
	epsilonK
	Rare Kaon Decays
	New Physics
	Conclusions

