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NON-RARE KAON DECAYS

»|eptonic kaon decys

»semileptonic kaon decays



LEPTONIC KAON DECAYS

Leptonic kaon decay:
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ratio of decay constants — ratio of CKM MEs:
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http://arxiv.org/abs/hep-ph/0402299

SEMILEPTONIC KAON DECAYS

semi-leptonic kaon decay:

V.

7 (pr) *@*K (Pk)

matrix element and form factors:
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kaon decays
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BEYOND PRECISION?
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kaon phenomenology on the lattice has become a precision tool
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KAON PHYSICS

fK+ ’VuS‘
f7r‘|‘ ’Vud‘

Vs | 577 (0) = 0.2165(4) — 0.2760(4) Moulson arxiv1411 5252

FLAG Eur. Phys. J. C (2017) 77:112

FLAG2016
0.230f

- high precision test of
SM unitarity - no worrisome

0.225

tension at sub-percent-level
precision
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lattice results for f,(0), Ny =2+1+1
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lattice results for f (0), N; =2

lattice results for fy-/f.+, Ny =2

lattice results for N, =2+1+1 combined
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lattice results for N, =2, combined
nuclear 3 decay
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KAON PHYSICS

transition matrix element

()| VL (0)| K (pk)) = £ pr + po)pu+ FE7 (@) (0K — Dr)

guite standard now and can be done with high precision

sub-percent precision has been reached, further progress requires
inclusion of QED effects (! gar = 1%, (Mg —my)/ Aocp ~ 1% )
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RARE KAON DECAYS

blindly increasing precision is pointless, so what should we do?

» think about QED corrections to the semileptonic decay

» think about how to do rare Kaon decays on the lattice v

v
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u, G, 1 ! u,c,t U -t -
w gw
S u,c,t

u u u u u u

v

d

» FCNC (W-W or !/Z-exchange diagrams)

» deep probe into flavour mixing and SM/BSM
due to suppression in the SM (2nd order weak)

» can determine Vi, s and test SM
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RARE KAON DECAYS - EXPERIMENTS

K, — movi m
KOTO (J-PARC) « “\WAG2 (CERN)
direct CP violation  [CP conserving
exp. BR <26 x 1078 o/ exp. BR 1.73(*153) x 1010
theory BR  3.0(3) x 10~!! theory BR 0.911(72) x 10-10  * both exp. obsefved
GIM — top dominated and «\ small LD contribution, y .1-p.hoton exchange LD d6ém.
charm suppressed, pure SD e Indirect conribution to CP
’ rare K_ decay

iction mainly ChPT
lattice can predict ME and LECs
gll suited for experiment

[ compute in lattice QCD J S Outﬁg\ﬁ"]sigt%n




RARE KAON DECAYS - FORM FACTOR

u,c,t ~ -

efls v Ac= (@) d*%( (0)]T Ba(O)Hw ()] K (K))

Decay amplitude in terms of elm. transition form factor:

G 2| D’Amq;osioetal.,JHEP9808, 004 (1998)

. OF .

AL =1 iz Plh4p! (MR Mgy Ve(d®/MR)
Ve(PM 2) = ac+ begPM 2 + V' (PM 2) e

\\\_’)\.\’\q’\'

I

» the |as| and |a+| can be extracted from branching ratios
> as parameterises also the CP-violating contribution to the K | BR

> sign of as unknown - could be predicted by lattice N plays crucial
role in BR prediction for K. —" %ete [#*#



RARE KAON DECAYS - RENORMALISATIOI

Y :"'+ &"&
u,c,t Ik _ b‘&
S‘awﬁr‘d Ay = (o) d*){ (P)|T [Fu(O)Hw (x)] |K (k))
K+ -
: - : GIM
G
Hy (z) = TZVJ}Vud C1(QY :6(1:) + C2(Q3 — Q3)]

Q] = (Eﬂﬁdz‘) (Qﬂﬁqj) ; Qs = (gi’}’ﬁ%) (Qﬂ,fdj)



RENORMALISATION - RENORMALISATION

K+

-+ S

Y o &
u,c,t ~ - ] Lol
N Ay = () d*%{ (DT Bu(O)Hw ()] [K (K))
Hy (2) = SEVE Via [C1(QF — Q5) + Co(QY — Q5)]
wi L) = \/§ us Yud [V1(W1 1 2o 2

» Q1 and Q Iin Hw renormalise multiplicatively (chiral fermions)
» J# conserved _

» divergences: 0

» quadratic divergence can appear as Xx—0 : T
but gauge invariance reduces it to a logarithmic one O

> remaining logarithmic divergence cancelled via GIM =~ =
(— need charm quark in lattice simulation)



SPECTRAL REPRESENTATION - MINKOWS

A(@) = d%( ()T Fu(@)Hw ()] K °(K))

non-strange intermediate states

. 7 (p)| T (O)E, k) (E, K} Hw (0)| K€ (Kk))
A(q?) = zdeP<E> () <>@Z€W< )1 (1)

- ZdePS(E) (v (p)| Hyw (0)(.p) {E.D},u (0) | K° (k)
E—F—{p)r+iec

strange intermediate states

dealing with intermediate (multi) hadron states constitutes
a considerable technical challenge when J # and Hw separated
by hadronic length scales (LD)



SPECTRAL REPRESRNIADIEMNN-

TN A= () O ()T PaO)Hw 001 K (k)
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SPECTRAL REPRESENTATION - EUCLIDE/

RBC/UKQCD, PRD94 (2016) no.11, 114516, PRD92 (2015) no.9, 094512

L(T,, Ty, ) i [ dEAE) @I OIBK) (Bl Hw )| K°(09) ()

Ex(K)—E

4 f dEPS(E) <7TC(P)|HW(0)|£ IE(?pg)IJ L (0)| K<(

(1 — 6_(E_E7T (k))Tb)

GF o
C 2\ .
Au(q ) T \/— us u Tajljlﬁ:%

subtracted 2
7! (TCM Tb? q )

exponential in first terms on r.h.s.
» 1st line:
» E>K: exponential term vanishes as Ta—$

> E<k: exponential term grows as Ta—$, must be removed
(possible intermediate states ", "™, "™ )

» 2nd line: no problem, all intermediate states E larger E- Soutﬁjgl%%gt%n



SPECTRAL REPRESENTATION EUCLIDE/

E) (7¢(p)|J.(0)|E k) (E,k|Hy (0)| K (k
L(Ty Ty, q?) — ngEp( ) (@) O k| Hy (O K () (1

i f dEPS(E) (r (@) oy ONEBUELIILOUK () (1 _ o= (B~ Ex(K)Th

subtraction of exponentially increasing states:

» " either get amplitudes from 2pt and 3pt functions and subtract
or replace

Hy (z) — Hiyy (z) = Hw(x) + cs(k)35(x)d(x)

where cs such that (7°(k)|Hy (0, k)| K°(k)) =0  Kkills the
unwanted divergent contribution and does not contribute
to the amplitude itself
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SPECTRAL REPRESENTATION - EUCLIDE/

RBC/UKQCD, PRD94 (2016) no.11, 114516, PRD92 (2015) no.9, 094512

L(To Ty q?) = —i ] dBE IO EIHy OIK00) (1 _ o(Bx(o-B)T.)

i f dEPS(E) (r (@) oy ONEBUELIILOUK () (1 _ o= (B~ Ex(K)Th

subtraction of exponentially increasing states:

» " disallowed by O(4) invariance but can be present as P
discretisation effect N needs to be monitored o \\
> Comparlson of experimental width (PDG) suggests Y
""" to be highly suppressed wt. respect to "™
- techniques similar as for "™ possible but itOs own
. — LR ””T”.\/z:::’ onTo‘\/_/_____\/\ X
research topic (K ) e AN
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EXPLORATORY STUDY - LATTICE SETUP

RBC/UKQCD, PRD94 (2016) no.11, 114516, PRD92 (2015) no.9, 094512

RBC/UKQCDexploratory study N unphysical m - (because itOs cheap)

» domain wall fermions

» m-~430MeV, mk~-625MeV
Ex(k)<2M- — only one intermediate state

» unphysically light charm quark mass
Mmc~3533MeV

» no disconnected diagrams

» kaon at rest
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EUCLIDEAN CORRELATION FUNCTIONS

RBC/UKQCD, PRD94 (2016) no.11, 114516, PRD92 (2015) no.9, 094512

LR (2, k, p) = (ne (t, P)T [T (0) Hw (2)] pxce (tre, k) )

Fﬁl) C(tH7 tr, k7 p) — / dBX / d3y€—iq-X<¢Wc (t7T7 p)T [J,u (tj7 X)HW (tHa Y)] qb}(c (07 k)>

{ o= B (D)t o Brc (W)tx
(o, p) = ot (2 (p)T 11,(0) i ()] K1)

/ ; 14 14
KQQ K</\<> sequential prop.
1
5 7 3 7 ¢ g’ 14 {

- chk contractlons T
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RESULTS - DOMINANT CONTRIBUTIONS A

RBC/UKQCD, PRD94 (2016) no.11, 114516, PRD92 (2015) no.9, 094512
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REMOVING THE EXPONENTIALLY RISING

RBC/UKQCD, PRD94 (2016) no.11, 114516, PRD92 (2015) no.9, 094512

1,(T,, Ty, P?) = —i f dEp(E) (m C(P)IJH(ON%?(STEHW(O)IKc(k)> (1 _ e(EK(k)_E)Ta)

i f dEps<E> (m (@) Hw (O 2.9) (B:pl 1, (K () (1 _ o=(E=Ex(0)T:)

E—E~(p)
0.025 — . . . .
L 4 2pt/3pt subtraction
CU2UF 8 4 unsubtracted t
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REMOVING THE EXPONEN TIAL CORIBARESTENRMIS v

RBC/UKQCD, PRD94 (2016) no.11, 114516, PRD92 (2015) no.9, 094512
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K* -t FORM FACTOR - RESULT EX

RBC/UKQCD, PRD94 (2016) no.11, 114516, PRD92 (2015) no.9, 094512

— V(z)=a+bz RBC-UKQCD, PRD94 (2016) 114516

216 —14 —12 —10 —08 —06 —04 —02 00
2= ¢*/Mj;

Vi(z)=a++b+ g2/mk? our result: a+=1.6(7), b.=0.7(8)
pheno fit to exp. data: a+=-0.58(2), b+=0.78(7)

Cirigliano, et. al., Rev. Mod. Phys 84 (2012) 399 UNIVERSITY OF
Southampton



K* -t FORM FACTOR - RESULT EX

> first lattice evaluation of this form factor
» Wwe get a consistent signal
» this study shows that it is feasible to reliably rare kaon decay ff

» we are working on more OphysicalO simulations

» need to reduce m- on large volume lattices

» """ state will be kinematically allowed

> mc needs to be physical as well N discretisation
effects are a concern

EXPENSIVE

> alternatively consider N =2+1 Hw N treat charm perturbatively
absence of GIM leads to log divergence which needs to be
dealt with

UNIVERSITY OF

Southampton



K*— rt*vv DECAY

~29% SD
~3% LD

I H H P
ImA - Rel, Rel 2
Br#<! ' 7Z' Uﬂ%M K| H#1 ] EM$a [P’[Xt#(t$ ]I { - [ txt#(}

— (9.11 & 0.72) x 107! Buras et al. ZON /

~68%

PC=PCSD+5PC,U

/! N
Energy >m. up- and charm-quark

o
loops ~3%7?
Buras, Gorbahn, Haisch, NiersteJHEP 0611 (2006) 002
Isidori, Mescia, Smith Nucl.Phys. B718 (2005) 319-338

compute Pcon the lattice in 4-flavour theory thus avoiding !
PT at around the charm scale
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K*— rt*vv DECAY

RBC/UKQCD PRD93 (2016) no.11, 114517, PRL 118 (2017) no.25, 252001

u,ct N C e -
w ?w

involves two genuinely weak !
operators with V-A structure

V part renormalises similarly to !
K mtl*l-

A-part causes log-div which!
needs to be subtracted!

O) = 3 [ dTICA0AWICss(1)] + Coluly).

K+

—_— —
—

~
: _ v N
S S S
K+ Q12 XQLQ\ 7T+
(! (!

(c) With closed loop ) Without closed loop
Connected Z- exchange diagram



DEFINITIONS

RBC/UKQCD PRD93 (2016) no.11, 114517, PRL 118 (2017) no.25, 252001

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

To " + + $ %
- _ "I HA [Nn#N|Hg |K T # Exl ENT
dxo(! * " BT {Ha(Xo)Hs (0)}[K*) = P lprBe 2 27 — Bt BT
I T, n 0
Lt BHg s HA K # D g En)Ta/@
+ 1—e
E,.! Ex
3 | | | | | | | | | | |i
N o € _
S
< iy
L A M, W. exp term B

Intermediate states:

) <), WD () =)

!
g
|

Type 1 diagram, inte}grated amplituds
’:"' t

o
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K*— rt*vv DECAY

RBC/UKQCD PRD93 (2016) no.11, 114517, PRL 118 (2017) no.25, 252001

lattice result for mp=420MeV, m.=860MeV

W-W + Z-exchange
LN L L B DL B

lattice result for mp=420MeV, |

0'25‘; -1 3) after subtr. of ! me=860MeV
021 . divergence
0.1; > 1) bare Pc PC - 0-2529(i-13)Stat(i32)scale(_45)Fv

: 2) bilocal contrib. Pe=Pc™ = 0.0040(213)stat(+32)scate(~45)rv

0.05&%

- 4) diff. wt. resp. to PT

O e S ===

i 1 I 1 I 1 I 1 I 1 I 1 i
-0.05
I 1.5 2 25 3 35 4

' unphysical simulation
| residual scale dependence small

| p.-P.°P small due to cancellation between W-W and Z!

. . c g - ; 'NA 2D UNIVERSITY OF
will this persist in more physical simulation: Southampton



SUMMARY AND OUTLOOK

I kaon tree decays have become a precision game with QCD+QED!
the new challenge

| kaon rare decays constitute a new theoretical and technical challenge!
worthwhile to pursue in view of experimental efforts

| techniques also applicable to other LD effects AMk, €k

| |ntermediate state subtraction and renormalisation are main!
challenges

' physical point simulation starting for K*" m*lI*I-

' the experiments running, we are looking forward to their results!
in particular prospect of K** m*l*l- @ NA62

THANK YOU!
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NEUTRAL KAON MASS DIFFERENCE

(AMK:mKS_mKL :(QRGMOGD Mgy = 73! (KOH w ' Y |Hw K ©)

m - —E »

¥ experimentally ! Mx=3.483(6)x10-*MeV (PDG)!

¥ 2nd order EW, suppressed by 14 orders of magnitude with
respect to QCD!
" poses strong BSM constraints (e.g. (1/") 2gdsd BSM
contribution) knowing !
| Mk at 10%-level " 1"10 4TeV

¥ SD about 70% of experimental value - rest LD?
Brod, Gorbahn PRL 108 121801 (2012)arXiv:1108.2036
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http://arxiv.org/abs/arXiv:1108.2036

NEUTRAL KAON MASS DIFFERENCE

N. Christ et al. PRD 88 (2013) 014508 arXiv:1212.5931

Bai et al. PRL 113 (2014) 112003 arXiv:1406.0916

A :NZe—MK(tf _ti)! !Koleln"!anleO" #T# ]. + e(MK_En)T :
K ) My # E, / M # E, Mg # E,
amplitude irrelevant! exponential term !
AmEY constant needs to be subtracted
RO Vg g
¥ multiple hadrons in intermediate states causing difeculties and _
p g KO ( Tt ;. KO

need to be subtracted

¥ bnite volume corrections from two-particle intermediate state can be sizeable extension

of Lellouch-LYscher correction to 2nd order weak MEs N Christ et al. PRDOL (2015) 114510aX(v.1504.01170 !
also: Briceno, Hansen arXiv:1502.04314

¥ what happens when the two Hw approach each other (GIM in action)?!
" to take advantage of GIM cancellation it needs to be implemented !
on the lattice and it has been shown to work!
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http://arxiv.org/abs/1212.5931
http://arxiv.org/abs/arXiv:1406.0916
http://arxiv.org/abs/arXiv:1504.01170
http://arxiv.org/abs/arXiv:1502.04314

! " # " # P
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0 + | —1n! 12 2 t t
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