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1. A short primer in kaon CP violation

CP violation in kaon physics is a mature and well-established field in particlegshysar
from being exhaustive, the present chapter is only meant to introdubasieconcepts and set the
notations that | will use later on. For details, | refer the reader to the massilert reviews that
exist in the literatured.g, [1-3]). _

Weak interactions induce mixing between the strong eigendt&tasdK©, which are related
to the CP eigenstatég andK; as

1 —
Kip = —=(KOF KO 1.1
1,2 ﬁ( +KO) (1.1)
This explains whyKs (which is mostlyK;) decays into Zrwhile K. (mostlyKj) into 3rt. However,
the fact thaK, — 21Tis nonzero points at CP violation, which is regulated by the small parameter

&

1 -
KL= ——=(Kx+¢K 1.2
L= gt Ky (1.2)
In order to study CP violation, it is convenient to work with tle— 2 amplitudes in the isospin
decomposition and define the ratios
A(KL — (o) A(Ks — (11)2) A(KL — (1tm)2)

K= AKs— (o)’ “ 7 AKs— (mmo)’ X~ A(Ks— (7o) (1-3)

The previous ratios describe both direct and indirect CP violation. IcidZE violation is described
X— & W

V2

by &k, while direct CP violation is accessible through the combinagfor:
At the experimental level, one has access to the amplitudes

AKL — ) A(KL — m°m°)

AKs—mm) 107 AKs— mom) (14)

N+-=

in terms of whichex andey can be determined as

) re(S) —3(1-|) (15)

Indirect CP violation was confirmed experimentally in 1964, while direct CRatiam was only
experimentally established after the KTeV and NA48 measurements (see Rigufhe current
world average values are [5]

1
el = 5 (2n—1+ oo

INoo| =2.220(11)-102%  |n,_|=2.23211)-10°
ek | = 2.228(11)- 1073 @ = (43.52+0.05)°

/
Re<i> —1.66(23)-10° ¢ = (423+£15)° (1.6)
K

From a theoretical point of view, the determinatiorggfandey requires a dynamical description of
theK® — KO andK — 2rrmatrix elements. These processes are described by the efi8tivd,, 2
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Figure 1: Evolution of the determination @f with time. Figure taken from Ref. [4]

Hamiltonians [6—-8]

Hast = S0 S [atn) + ]S
e \/é pa |
2
HET2 = 5 [A2F 4 AR + 20| Q% 2(1) a.7)

At the relevant energiegge. close to the kaon masses, they can be mapped into ChPT operators:

G
Hgqul = ingu {98ﬁ8+927ﬁz7+ezgewﬁew} +NLO

V2
Hos-2—_ GF f39202+NLO (1.8)
eff 162 09202 .
where (, =UD,UT)
2
Og = (Lul*)23;  Oo7=(Ly)23(L*)11+ §<Lu>21<|-“>13; O = (LuA2sLHAzz) (1.9)

The connection witlgx can be worked out from the neutral kaon mixing matrix element
KO[HE 2 n) ([ HAF L KO)
mk —En+i€

Moy = - [(KO|H§§:2|K°>+Z < (1.10)

2mk
whose real part is connected4o, while the imaginary part is proportional &. Defining
AK® — (rm)) = A€?;  AKC— (rmmm)) = Aréd (1.12)

and assuming that the intermediate state@\i®= 1)> are dominated byt exchange, one finds
that

. IMm(KP[HAS2 KO 1mAg
— G o eff
e = €% sing ! Amy + ReA, (1.12)
Using the previous resulg] can be expressed, to a very good approximation, as
i s _s)REA2 [IMA2  ImAg
g = ——d(® %) 2[ 2 } 1.13
K™ /2 ReAy |ReA; ReAg ( )
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2. AS= 2transitions. Bk and &k

Indirect CP violation irK — 2rris responsible for th&° — KO mixing. The contributions to
&k are given byAS= 2 box diagrams and can be written down as

Im(KC[HSS2IKO) . |on]

(2.1)

_ g
& =¢€ smcpgl Ame RoA,

The first term is the locdlS= 2 transition, which consists of a short and long distance contribution,
and is given by the effective Hamiltonian [8]

HA&Z _ Glzzrng\l
eff — 167.[2

The term in brackets collects the Inami-Lim functions with electroweak andgtperturbative
corrections. Long distances are described by a single (multiplicativetyrmeadizable) operator
QAS2 = (3 y,dL) (S y¥dL), whose matrix element iK® — KO mixing defines the so-calléBk bag
parameter, which is a genuine nonperturbative object. For convenieicceommon to work with
the RG-invarianB:

NES0)M+ AZSo ()2 + Ak Solxe X)) G2 () (222)

(KOG (1) Q@S2()KO) = fémﬁéK (2.3)

The second part in Eq. (2.1) is a purely long-distas®= 1)? piece, which gives a sublead-
ing (but nonnegligible) contribution tex. In the last years, there has been progress on both the
perturbative and nonperturbative contributions. Regar@ingat present the best determinations
come from lattice simulations [9]

Bk Nos1 T 0.738(20); Bk Mo 0.72925)(17) (2.4)
Determinations with analytical methods cannot compete with the lattice precisiandonbnethe-
less essential to understand the previous numbers. In particular, cogtieirchiral and large-
Nc expansions has proven to be very effective. At leading order in bgtarsions one finds
Bk = 0.75, which substantially improves the vacuum saturation approxima@igh= 1. When
1/N. corrections are included one is sensitive to the scale-dependencecarefld matching be-
tween long and short distances has to be done 01,/N.) corrections turn out to be sizable and
negative, but they are compensated to a large extent by sizable andepdsital & (p*) contribu-
tions. As a result, the final number barely changeBgo= 0.70(10) [10]. Comparison with the
lattice results shows remarkable agreement.

However, the situation is not entirely satisfactory. In the chiral lifBg,is known from the
relation [11]

5
Bk = 2927~ 0.37 (2.5)

which holds to all orders in the momentum expansion. Using fiNg &xpansion with proper long
and short-distance matching, the previous result was successfulbyleyed already af (p*, 1/Nc)
in a series of works by different groups [12—-15]. However, consparbetween Eqg. (2.4) and
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Eq. (2.5) indicates that mass corrections should bring a huge contribaticoyinting for roughly
50% of the value 0Bk. Attempts to compute the mass corrections consistently within chiral per-
turbation theory have fallen systematically short of the lattice value. As fek®w, the issue of
mass corrections iBx has not yet been fully understood.

One of the most interesting implications of the current lattice precisioBkois that one can
no longer dismiss th@AS= 1)2 nonperturbative contributions &g [16]. These extra long-distance
effects can be parametrized in terms of an overall prefagtais follows

ImMMs2
Amg

ImMz2 ImAg o g%
Ak +p RSA\Q] € NG
If p =1, one obtains the estimakg ~ 0.92(2) [16]. However, as initially observed in [17], the
(AS= 1)? contribution is related by a dispersion relation to nonlocal (other Bagriong distances
in My, with some cancellation between both effetiBaking both effects into account [1]gets
reduced tqp = 0.6(3) and accordingly

(2.6)

ek = €% sing. [

Ke = 0.94(2) 2.7)

In Eq. (2.6), itis implicitly understood that the first term corresponds tdgheontribution, while
p collects the norBk contributions. Using the values &§, Bx on the nonperturbative side and the
perturbative corrections to NNLO [20], the latest theoretical resultfareads [21]

ek | = 1.90(26) - 1073 (2.8)

which falls a bit shy of the experimental number.
As noticed in [16], failure to fit the experimental valuegpfleads to some tension in the CKM
fit between the K and B systems. Specifically, using the parameterization

ek | ~ Ke f,EéK|Vcb|4E§gsd sin2B (2.9)

the suppression induced lay combined with lower values d@x would require a slightly too large
sin2B3, which would conflict withBs data. A way out would be to invoke new CP-violating phases,
e.0. 9k, = Sin(2B + 2¢). If this tension is of eventual significance remains to be seen. What
seems to be on a rather good handle is the valug of attice simulations for the absorptive part
find [27]

(Ke )abs= 0.924(6) (2.10)

which is in excellent agreement with the analytical estimate reported in [16].

3. Recent progressin AS= 1transitions

The determination of; boils down to an understanding of the so-caltéd- 1/2 ruleand the
contributions of thes andQs matrix elements. Their separate influencegprean be seen below:

V2 RefAo [ReA2  ReAg

1L ocal dimension-eight contributions 1, can be shown to be negligible [18].

(3.1)
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where the different effects are color-coded. The main difficulty froimesretical point of view is
to understand thAl = 1/2 rule puzzle, namely why Rg ~ 22.5ReA; is roughly 15 times bigger
than expected from naive factorization.

While at present there is no solid quantitative understanding dflitke1/2 rule, at least there
is widespread consensus on the following qualitative points:

e The RG-mixing of the current-current operators as they evolve downergg can account
for roughly 10% of the enhacement.

e The bulk of the corrections come from nonperturbative effects, wahehanced hadronic
matrix elements should bring in 90% of the effect.

e Penguin contributions get enhanced at hadronic energies and are @aimigngredient to
explain the size ofy.

Considerable quantitative progress has been achieved by combinergdtfhonperturbative meth-
ods with the largeN; expansion [22—-26]. For instance, it has been realized that norrifzatite
contributions are sizeable and point in the right direction. However,tgaave improvement on
the determination of hadronic matrix elements is extremely challenging. As it happethBy,
lattice QCD simulations can be an extremely useful tool here. Howkiver,2rT decays are much
more challenging to simulate th&? — K® mixing and that has hindered progressis= 1 tran-
sitions for a long time. This situation might however have reached a tipping fiirte recently,
in a series of papers appearing in the last 2 years [27, 28], the RB@&IKcollaboration has
released results that hint at a solution of fiie= 1/2 rule puzzle. Specifically, they reported [28]
an accidental cancellation of contributions (let me abstractly denote thenaast,) in A,. This
cancellation is closely linked to the breakdown of factorization: instead =ft; /3 they obtain
t, ~ —0.7t;. Interestingly, the same contributions appeaAgrbut with different signs, such that
no cancellation is observed there. Schematically, the overall picture thagesris

ReAy 2t —t;

@ - t1 41t
There are a number of reasons to be optimistic about this result. First A &lis been simulated
down to the physical masses, giving [27]

(3.2)

ReA, = 1.381(46)(258)- 10 8GeV;  ImA; = —6.54(46)(120)-10 *Gev  (3.3)

These results have to be refined to reduce the systematic errors for anemmergful comparison,
but so far they are in good agreement with experimenfi,Re 1.4794) - 10-8GeV. Second of
all, while Ag is more challenging and up to now simulations are still at unphysical masses, na
extrapolation of what they have observed so far gets in the ballpark ekifeximental value. This
naive extrapolation has to be taken with a grain of salt, but it should be @ igd@&ation, espe-
cially given the mild mass dependence observefyinFinally, their results confirm the smallness
of penguins at perturbative scales. For more details, see the talks byaNdZhrist and Robert
Mawhinney at this conference. So far the lattice results are in goodlbagraement with the
qualitative features pointed out in previous lalgebased studies [22, 23], which is certainly re-
assuring. However, to complete the picture, it would be very interesting lathiee could assess
how much of an enhancement penguins get at low energies and theiriangiaat onAg.
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4. Experimental and theoretical statusof K — 31
CP conservingK — 3 modes admit the general decomposition [29]
MK — 1 0) = ay— Bru+ ({4 &P+ %(Zl — &)V,
M (KL — 1O1P1°) = —3a; — 21 (3% +V?) |
M(KT = m ) = 21+ Bru+ (28 — &P %(251+51)V2 :

1
M(KY - Pm°) = —ag+ Bru— (G + &)u? - 5(51 — &V (4.1)
where | have kept only the dominant octet contributians, s andsy are kinematic variables
S8 — S0 S-S ) 13
u= 9 V= ) S:(pK_p) 9 50:7 S (42)
™ ™ " X

while ay, 81, 1,&1 are dynamical parameters that can be expressed in terms of the low-energ
couplings of the chiral (strong and electroweak) Lagrangian. At Nbh@®finds [30]

0 20g
a =al”— 27f fan{(kl—k2)+24.$1}
B = B — 2 ment {(ks — 2k1) — 2425}
9f fn
I B
Z]_ = GfK fnmn{kz 249%1} s
El= — B (k- 24%) 4.3)
6fK fr[

where % collect the strong low-energy couplings akdhe electroweak ones. The structure of
the counterterms makes it manifest tiat— 371 processes involve strong amplitudes with weak
external vertices as well as direct weak terms. Specifically, one finds

AHA=L+3or=2L1+2L+L3
ki = 9(—Ns+ 2N7 — 2Ng — Ng)
ko = 3(N1+ N2+ 2N3)
ks =3(N1+ N2 —Ng) (4.9)

The previous results were recomputed in [31] and fits to data were madéinglisospin and
electromagnetic corrections. A good overall phenomenological fit to dasafeund [32]. From
a theoretical viewpoint, however, one would like to understand the dynamettind the values
of the low-energy couplings. That goes beyond the scope of ChPor@dhas to adopt some
hadronic-scale models. In the strong sector, vector meson dominangekias to be a more than
acceptable mechanism to estimate the low-energy couplings [33]. The saamgddexported to
the electroweak sector in the so-called factorization models [34-36],ewlepnance exchange
was assumed to dominate both the strong and electroweak low-energy gsuplihis leads to
relations betweel; andL; and makes the electroweak sector predictable. Unfortunately, since the
electroweak sector is less constrained, the accuracy of those modeaidds toetest. When applied
to K — 3, all the factorization models found a set of generic features:
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() kyis dominated by the scalar meson sector.

(i) ko, ks are affected mostly by vector meson exchange and related to the stramgrtetms
as follows:

ko =249 =0,

k=24 <$2+2L9) =24 <L3+2L9> (4.5)
where the second equality can be linked to the Skyrme structure @f th®) strong ChPT
Lagrangian.

(iii) Strong cancellations between the strong and weak diagrams are to éetesp

Using the results from vector meson dominance in the strong sector [28is tad to conclude that
ks = 0, which violates the vector meson dominance hypothesis and, worst ofialgdatradiction
with experimental data [42, 43], which seems to favor insteaet 5-10°°. The fact that there
are strong cancellations (see last point above) already indicatelgthad might be a fine-tuned
solution instead of a generic result. However, the absence of a modekavittd was definitely
puzzling.

In Ref. [37] a model for the electroweak chiral Lagrangian was inttedubased on the
gauge/gravity duality [38—40]. In these settings, the Standard Modet figllin a 4-dimensional
boundary brane, while a fifth dimension is responsible for the strong aitens, conjectured to
be dual to a weakly-coupled gravitational theory with Anti-de Sitter (Ad®nuetry. The bound-
aries can thus be seen as probes of the strong interactions. In [374 gheavn that introducing
the electroweak interactions as double-trace perturbations in the bgyddais equivalent to a
factorization model for the electroweak interactions, where both the sawdglectroweak low-
energy couplings are determined in terms of the AdS geometry of the 5-dimehbiak space.
Remarkably, in that model; = —%Lg andks ~ 3-107°, showing that, contrary to [34—36], com-
pliance with experiment can be achieved within vector meson dominance.e€hw@rg failure of
vector meson dominance ih— 37 was therefore not generic but a model-dependent artifact.

I will conclude this Section with some brief comments on the status of CP violatidn-n3mt
decays. Here, for once, theory is ahead of experiment. Regardiivgihect CP violation, KLOE
has recently improved the bound &g — 37 to [44]

Br(Ks — 3m°) < 2.8-10°8 (4.6)

which is still one order of magnitude above the Standard Model estimat® &t °. For more
details, see the talk of Patrizia De Simone in this conference.

For direct CP violation, NA48/2 has values for the slope asymmetries compualiithleno
signal at the 10 level [45], while the Standard Model expectation is at31#6].

5. Summary and future directions

Kaon physics has a rather mature status and a long track of experimestasses. Indirect
and direct CP violation are nowadays known, respectively, within a 5%d1486 accuracyK® — KO
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mixing still being the most stringent flavor test for new physics models. Hevydhere are still
some long-standing fundamental issues that remain unexplained. In tkesIgzgve mentioned
the tension between the theoretical predictiorgofand its experimental number, which persists
after nonperturbative effects and NNLO perturbative correctioasaacounted for. On the direct
CP side, a quantitative understanding of ftie= 1/2 rule is still pending, despite the efforts of the
community over the years. On the experimental side, it is not yet settled wiie¢hemount of CP
violation inK — 3t fits the Standard Model prediction.

Improvements on each of those aspects are hard to achieve and mightéegzefrom an
outsider’s perspective as slow, but they are steady. An example is dh@simg path recently
opened in lattice QCD to determirgg, which is making solid headway and will provide, in the
coming of years, a most wanted determination ofdRé)x. Amk is also in the agenda. A clean
determination of the short-distance vs long-distance budget in this quantitlgl lwe a valuable
tool to constraint new physics scenarios.

It is hard to overstate the importance of such determinations. Howeverultwertainly be
unsatisfactory to consider them a solution without supplementing them withpadaealytical un-
derstanding than we have today. The recent lattice progress shoukshiserve as both stimulus
and guidance to continue improving on the theoretical analytical side.
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