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Why are Kaon Decays so rare?

Before the charm quark: why are the two Branching ratios
Br(Kp — pp ) ~6.84(11) - 1072 Br(Ky — yy) ~ 5.47(4) - 1074

so different in size?
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The GIM Mechanism

GIM: charm quark to suppress neutral currents
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The GIM Mechanism

GIM: charm quark to suppress neutral currents
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Quadratic GIM explains the smallness of Br(Ky — pu u™)
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dependence: predict charm quark
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Charm Quark Mass

Quadratic GIM suppresses light quark contribution
g Sensitive to short distances (SD)
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Charm Quark Mass

Quadratic GIM suppresses light quark contribution
g Sensitive to short distances (SD)
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Charm Quark Mass

Quadratic GIM suppresses light quark contribution
g Sensitive to short distances (SD)

Effective theory language:

N Z 2 d ~ R 2 mi-m
SN /
s—<—1U —cC S Me

L mZG: log v
A%
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Contributions to Ky — pu'

No quadratic suppression for K; — yvy

d — > 0% d \VAYA \
Wgcuv >®<}W Gr log —2=P
Me
S — < v S

(same for photon penguin)

d>® \VAVA ol V!
S Qm+ L

couplings to v spoil short distance sensitivity
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Suppressed Light Quark Contribution

Log(Aqcp/meu) from coupling to final state electrons
= K — 7 0 v should have a clean theory prediction
CP violation is absent in 2 generation Standard Model

= CP violating decays should exhibit increased short
distance sensitive



Top quark

m2/ Mw? suppression o A3 w
— top-quark dominates v, = @ (7\&1 | )\2)
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Leading Méi contribution from the goldstone diagram
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m2/ Mw? suppression o A3 w
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K—=mvov
2 A= 0(0.2) ,
Leadmg "t contribution from the goldstone diagram
Gi
FCNCs which are dominated by top-quark loops:
b—s: b—d: s—d:
VipVisl oA [V Veal oA Ve Veal @8

are extremely suppressed (A®) for Kaon decays

With 10% accuracy Kaons are sensitive to O(100) TeV
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Matching (NLO +EW): 1.56 | NLO, 4np :
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,/ Operator
/ Mixing (RGE)

Matrix element from Kj; decays

(Isospin symmetry: Kr—m® e* v)
[Mescia, Smith]



K+ — 7t 0 v from Mw to m-
39 ¢

P.: charm quark contribution
to K* —= 7t 0 v (30% to BR)
Series converges very well

(NNLO:10%—2.5% uncertainty)
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K+ — 7t 0 v from Mw to m-

P.: charm quark contribution
to K* —= 7t 0 v (30% to BR)
Series converges very well

(NNLO:10%—2.5% uncertainty)

[Buras, MG, Haisch,
NNLO+EW Nierste; Brod MG]
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this scale dependence
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2 He [GQV]

No GIM below the charm quark mass scale

operators UV scale dependent

culation approximately cancels

5P = 0.04 + 0.02




K+ — 7t 0 v from Mw to m-

P.: charm quark contribution
to K* —= 7t 0 v (30% to BR)
Series converges very well

(NNLO:10%—2.5% uncertainty)

[Buras, MG, Haisch,
NNLO+EW Nierste; Brod MG]

39 ¢

36 |
35

higher dimensional

One loop ChiPT cal

this scale dependence
[Isidori, Mescia, Smith “05]

2 He [GQV]

No GIM below the charm quark mass scale

operators UV scale dependent

culation approximately cancels

5P = 0.04 + 0.02

Could be calculated on the lattice

[Isidori, Martinelli, Turchetti “06] [Christ, Fang, Portelli, Sachrajda "15]
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K — 7 v v: Error Budget

BRt"(K*+—mtt0ov) = 7.8(8)(3) - 1011 BRM(Ky —m%v) = 2.43(39)(6) - 10-11
BRexp(K+*—7tt0ov) = 17(11) - 101 BRexp(K+*—mtt0Vv) < 6.7 - 108
[E787, E949 08] NA62 — 10% accuracy [E391a "08]

|[Brod, MG, Stamou

2011]
delta Pcu
14 % kappa
2%
Pc Xt
Xt 6 % 8 %
7 %
Parametric Mt
18 % 6 %
2%
BR* = 8.4(6) - 1011 (CKM tree) BRr = 3.4(6) - 1011 (CKM tree)

1 |Buras et.al. "15]



CP Violation

Ki — 7 © v might be correlated to CP violation in ex and &’/ ¢

Re(e’/e) = ¢’/ e measures CP violation in the K — 7t 7t decay

K — 7 1t decay amplitude receives contribution from

QCD Penguins and Electroweak Penguins

12



KY Meson Mixing

Schrédinger type equation for meson mixing

.4 (Eg“») _ <M11 M12> 1 (rn F12>
dt \|[K (1)) M7, My 2 \I75 Tq1

‘<5> =P ‘<O> + |

Diagonalise
Kp) =plK”) —ql

Mi; from As= 2 Box «— Electroweak process

I'1» «— Al maximal and Al = 1/2 saturates I'1» = Ag Ao



CP violation in Kaons

CP violation in mixing, interference & decay — non-zero

B (mt7n | KY) B (7Y K?)
- = (mtn—|KZ) 00 = (mO7mO| K32)

Only CP violation in mixing (Re €k), interference of mixing
and decay (Im €x, Im €’) and direct CP violation (Re €’)

CK — (7700 + 277+—)/3 € = (77+— — 7700)/3

e ((7r71) 1=0/K 1) ex = e sin e

((7t71)1=0/Ks) \

(Im(l\/l‘f2 |

AMK//

from experiment small




ex: CP violation in Kaon Mixing

MMMy = <KO‘ HIAS|=2 “_<O> o % J d4x <KO‘ H|A8|:1(X) H|AS|:1(O) “_<O>

dispersive part

Local Interaction:
Q = (sryudr)(sryrdr)
Lattice: <KO\QH_<O>

(+75(1)%): AdimZ/Mw?2+  Only known at NLO
Net: 3-loop RGE,
. ) 2
(+40(6)%): AcArme?/ Mw 2-loop Matching
log(m?/Mw?) + [Brod, MG *10]
Nee: 3-loop RGE,
(-15(6)%): AcAeme®/Mw? 3-loop Matching NNLO
1> Brod, MG “12]



Long Distance €x

. 7 d 4 0 =0
[ dteaty (K| T{H (@) B} K
Integrate over ta < txy <ts
d s [Christ et. al.]

C, U

Study for AMk [Bai et.al. “14] and ideas for €x

Use Ay Arinstead of Ac Ay
AuAy finite after GIM & charm — renormalise AS=1 Operator

Au At log divergent — renormalise AS=1 & AS=2 Operator,
i.e. match Lattice to continuum perturbation theory.



Residual Theory Uncertainty

After Lattice QCD & NNLO progress: e dominant uncertainty

ek is very important for phenomenology:
Future improvements are expected from Lattice QCD and
interplay with perturbative QCD

|Brod et.al. "12]
lex| = 1.81(28) - 103

parametric eX:p° 228(1) . 10—3

43 7

V& dominates parametric
uncertainty
uncertainty in Bk sub-leading




CP violation in Kaons

CP violation in mixing, interference & decay — non-zero

(mtm™

K})

N4+ — = <7_‘__|_7_‘__

Kg)

(oK)
TIoo — 00 0
(7Y Kg)

Only CP violation in mixing (Re €k), interference of mixing
and decay (Im €x, Im €’) and direct CP violation (Re €’)

/

e = (Ny— —Moo)/3

and |1—)\7;j‘<<1



Formula for ¢/ ¢

ao, a2 & ax* from experiment (77| KY) = aoeiXO + ageiX2 /2

|Cirigliano, et.al. "11] B
T | KO = ape™® — ayeX2/2

ao & ap:isospin amplitudes
: : : + .0 +\ 1
for isospin conservation (7 7 |[K7T) = 3a, € X /2



Formula for ¢/ ¢

ao, a2 & ax* from experiment (77| KY) = aoeiXO + ageiX2 /2

|Cirigliano, et.al. "11] B
T | KO = ape™® — ayeX2/2

ao & ap:isospin amplitudes
: : : + .0 +\ 1
for isospin conservation (7 7 |[K7T) = 3a, € X /2

Current theory givesus only: Ay = (7)) 1| Hert | K)

Normalise to K* decay (w+, a) and ex,
expand in A>/ Agand CP violation:



Formula for €/ ¢

ao, a2 & ax* from experiment (77| KY) = aoeiXO + ageiX2 /2

|Cirigliano, et.al. "11] B
T | KO = ape™® — ayeX2/2

ao & ap:isospin amplitudes
: : : + .0 +\ 1
for isospin conservation (7 7 |[K7T) = 3a, € X /2

Current theory givesus only: Ay = (7)) 1| Hert | K)

Normalise to K* decay (w+, a) and ex,
expand in A>/ Agand CP violation:

’ ' ImA A 1 ImAy
Re(i)ze_: SO Qo) — o
€ € V2 lex| | Redg \ a ReAs
[Buras, MG, Jdger, Jamin “15] Adjusted to keep electroweak

penguins in Im Ay [Cirigliano, et.al. 1]
19



Computation of A& A»

Currently we use the effective Hamiltonian below the charm:

G 5 Vi Vi
Mot = g VaaVils Y (500 7 ) Qulp) . 7= = T2

V2 i=1 Vud Vs
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Computation of A& A»

Currently we use the effective Hamiltonian below the charm:

Grp N - _ thV{Z
Horr = = Vaa Vi ; (i) + 7 9i(w) Qilw) - 7= ==
current-current Q1,2/+ = (5iuj)v—a (Urdi)v -4
QCD & Q3,...6 = (5idj)v—a Z (k@) v+a
electroweak q=u,d,s
penguins Q7,....10 = (5idj)v_a Z eq(qrq)v+a

q:u7d78

20



Computation of A& A»

Currently we use the effective Hamiltonian below the charm:
10

Gr Via Vi
eff — — = Vu V'z;ks ) ) ) 9 — .
Mot = 75 Vi ; (2i(p) + 7 yi(p) Qi(p), 7 VoV
current-current QLZ/:: — (giuj)V—A (ﬂkdz)V—A
QLD & Qs,...c = (Sidj)v—a Y  (Ge@)via
electroweak q=u,d,s
penguins Q7,...10 = (8idj)v-a Z €q(qrqi)va

q:u7d78
We have 7: & Vi at NLO [Buras et.al., Ciuchini et. al. 92 93]

And now also a Lattice QCD calculation of: <(mtm)i | Q; | K)=(Qi)1
by RBC-UKQCD [Blum et. al., Bai et. al. “15]

20



Compute Im A;/Re A

We need an expression for Im Ag/Re Agand Im A>/Re A»

G ) G )
ReAp = 7]; VuaVis (24(Q+)0 + 2-(Q-)0) , Redy = 7; ViuaVis 24-(Q+)2

21



Compute Im A;/Re Aj

We need an expression for Im Ag/Re Agand Im A>/Re A»

Red = 2 ViV, (2(Qudo + 2 Q) o Redy = “E ViV 2 (Qu):
Fierz relations for (V-A)x(V-A) give, e.g.: {Q0=(Q3)0+2(Q-)0
ImAy B 2Y4 |

(RGA())VA - (1+q)z— Olps)

[s only a function of Wilson coefficients and of the ratio

q = (24 (1) (Q+(1))o)/(z=()(Q=(1))o)

21



Compute Im A;/Re A

We need an expression for Im Ag/Re Agand Im A>/Re A»
GF GF

Redp = NG wdVis (24(Q+)0 +2-(Q-)o) , Reds = 73 ud Vs 24 (Q+)2
Fierz relations for (V-A)x(V-A) give, e.g.: {Q0=(Q3)0+2(Q-)0
ImAy B 2Y4 |

(RGA())VA - (14 q)z— Olps)

[s only a function of Wilson coefficients and of the ratio

q = (24 (1) (Q+(1))o)/(z=()(Q=(1))o)

Expression with ps={(Q3)0/ Q0 and EW penguins given in
|[Buras, MG, Jager & Jamin "15]
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Prediction for €’/ ¢

[=2 Similarly for (V-A)x(V-A):

[=0 (V-A)x(V-A) [=2 (V-A)x(V-A)

Tm A\ .
= — 10 L 4m15_4} [a (1 — Qo) (— 4.1(8) + 24.7 B{?) +1.2(1) — 10.4 Bg”/?)}
E A

(V-A)x(V+A) Matrix elements B¢=0.57(19) and Bg=0.76(5)
from Lattice QCD [Blum et. al., Bai et. al. “15]
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Prediction for €’/ ¢

[=2 Similarly for (V-A)x(V-A):

[=0 (V-A)x(V-A) [=2 (V-A)x(V-A)

Tm A\ .
= — 10 L 4m15_4} [a (1 — Qo) (— 4.1(8) + 24.7 B{?) +1.2(1) — 10.4 Bg”/?)}
E A

(V-A)x(V+A) Matrix elements B¢=0.57(19) and Bg=0.76(5)

from Lattice QCD [Blumeet.al, Baiet.al. 15] [ quantity | error on &' /2
¢ » 57 11
(;) = 1.9(4.5) x 10 NNLO 1.6

SM -

) o 0.7
<—> = 16.6(2.3) x 10~* b3 0.6
€/ exp B§3/ 2) 0.5
D5 04
2.9 o difference m(m.) 0.3
22 mt(mt) 0.3




NLO vs NNLO

Theory prediction only at NLO at the moment

Convergence at m.is not clear — should calculate next
order

Long term use Lattice QCD

23



Status of ¢’/ e NNLO

Energy

Fields

Order

g/Y/ W/ Z/h/
u,d,s,c,b,t

NNLO Q1-Q¢ & Qsg
NNLO EW Penguins (traditional Basis)

v,g,u,d,s,c,b

NNLO Q1-Qs & Qsg

v,g,u,d,s,cb

NNLO Q1-Qs

v,g,u,d,s,C

NNLO Q1-Qs & Qse

v,g,u,d,s,c

NLO Q1-Q10

v,g,u,d,s

NNLO Q1-Qs & Q8g

gu,d,s

NLO Q1-Qq (traditional Basis)

i) [Misiak, Bobeth, Urban] iv)[Gorbahn, Brod]
ii) [Gambino,Buras, Haisch] v) [Buras, Jamin, Lautenbacher]

iii)[Gorbahn, Haisch]

04 vi)[Blum et. al., Bai et. al. “15]



Yo (MLattice) at NLO

The (V-A) (V+A) x ys : largest contribution to Im(Ap) and &'/ ¢

How well do we know ys at the scale of the Lattice matrix
elements Mrattice?

Integrating out m. results in strong p. dependence.

y6 [MLattice] (pic) Plot the residual . dependence:
—0.080 {
—0.085 1, RGE: ys(pp) — ye(Lic)
0,090 | 2, Match ye=4(j1c) = y=(pic)
—-0.095 ' 3, RGE: Y6(Hc) g Y6(MLattice)
—0.100 The scale dependence in 1 & 3 is
—-0.105¢

canceled by the log(i.) in 2.

10 15 20 25 30 M
For as(Mz) =0.1185 GeV



NNLO Operator Basis

The traditional basis requires the calculation of traces with y5 .

| Os,6 = (gidj)V-A Zu,d,S(QkQZ)VJFA

M [ssues with the treatment

of the ys in D dimensions

Higher order calculations can be significantly simplified
if we use a different operator basis.

5 S - v . No trace of
5,6 — (5iVu v YpPrds)v.a Zu,d,s(qw“’y YPqi) ~$p

SQ5d




Charm Matching NLO

O1 & Os have the largest Wilson Coefficients.
d

Only one type of s — d gluon .
diagram for O1 & O
S

We perform an
expanding in external momentum O(k?)

D31 = ELWMTabLDVGZV + Oy

1

9
Oy = (5.y*T*0L) ). (@y"Tq)

There are no one-light-particle-irreducible diagrams for s— d  u.

No evanescent operators are generated at one-loop.

27



NNLO Matching

There are Q1 & Q> have the largest Wilson Coefficients.

d d q
O;/ O A
O;/ O
S & 8 ] .

q

The calculation produces several types of structures,
(5" PLTSd; )Gk (i T Prd;)Gokiks .

— more than operators.

28



Renormalisation =

1

i 1! !
|! 'Iﬂ S l
J f Y {

Our procedure: Full (f=4) theory is still divergent after
renormalisation.

Counterterm matrix element
> . h. f L L .
vanishing for ms= mg4= my= 0

29




Renormalisation =3

Vanishing f=4 matrix element

Counterterm matrix element
> . h. f o L o
vanishing for ms= mg4=my= 0

Will be canceled in =3 theory by

One-loop ma

‘ching coefficient x one-loop operator mixing

A = Aefs results then in finite threshold corrections for

Additional Check: All results can be projected onto the
Physical and EOM vanishing Operator Basis.

Note: Evanescent Operators only contribute in f=4 theory

at NNLO

30



Future improvements?

RBC-UKQCD will reduce the statistical uncertainty:.

While 1/N [Buras Gerard “15] consistent with RBC-UKQCD, we
still need an independent Lattice calculation.

Perturbative NNLO calculation is currently performed to
hopefully reduce theory uncertainty.

First numerics — considering only NNLO matching
contributions of O1/O» — suggest that perturbation theory

seems to be OK.
TODO: NNLO continuum matching

Long term: Lattice treatment of isospin violation and

computation above charm scale.
31



Perturbative BSM Calculations

Effective theory give model independent results,
but different operators contribute to
K — m v vand K — n m —and other observables.

[t might be interesting to have results for rare decays
as functions of a minimal set

of masses and coupling constants

and still arrive at a renormalisable result?
(In the SM calculation we e.g. need Mw = Mz cos(6w))

32



Toy example: Only Extra Vectors

Toy example: consider theories with arbitrary number of W*

Equivalence to spontaneously broken theories allows us
Re-gauge fix the Vector Bosons

and use STT to fix Goldstone-Boson interactions

’63 — Z 931?1f2v\)1,uf_1ylip0"f2 —I_ Z 9v1v2v3 |:v17 V27 v3i|

fifovio V1VaV3

[vl, Vs, vg} — g(vl,uvm JVACNIR VAR VAR LA VACIIR VAR VAR a[“vf])

In the Standard Model 9{_/\/—|—ij & = o5V

33



Renormalisation

STIs lead to the following constraints on the couplings:

0) 0) 0) 0) 0)
99+1:9710 = D_ 9zvive Juris T 9u+is97ss

s plus the one o« m¢:
_ M2 — M2
o o Vi L o 1 0o o o
9y 11597t~ 2 o 9zviva Susts T 39pis (9756 + 955
Vo V2

2 2 2
o o MV1 T MV2 - MZ o o o
INEREE) 97vivy 99515 T 9917975
vits IZtt IM 2 vy vy Jvits vits ILss
Vo V2

generalisation of the Mw = Mz cos(0.w) relation

34



Full 1 100p result

Applying the derived constraints on the full result yields

D 9zviv; 9y IvsrisF1(me, My, My, ) + D 9Z5s9y— 5 Iy ts Fo(me, My,)

ViVo Vi T

Z-coupling to top-quark eliminated

Just like in the Standard Model we have a result in terms of a
fewer number of couplings and finite loop functions Fi and F»

35



Extended to arbitrary perturbative model

Right handed Z penguin with
additional W’s and charged scalars:

Z fl (772-{5 ."\-[ql . ."\.[q)) {nge—qj- + (SIJ (gg(id — ggf—f) } yff?:ty?)_ l?d—}_
5:8;

L . R R R
E fa(me, My, s Mw, )9 759w+ < 91y — 74
- » ) :
W, W,

‘ , 1. R R
E : fa(me, Ms;, Mw;)g ZW s Ystst9w-id
i “a - 7 '

5 / A A > R / R
: : 2 7 ° 2 ‘
|Brod, Gorbahn in progress]|
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Outlook

There has been a continuous improvement in theory
(Lattice + perturbation theory) and experiment.
And there is still work do be done, e.g.

continuum and perturbative matching at NNLO

This leads to an increased new physics sensitivity:.

Independent confirmation of K— 7 7 matrix elements
on the Lattice would be exciting.

The measurements of K — 7t 0 v and
the theory improvements in ¢’ & & will

provide new information on short distance physics.
37



