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Motvation: Quark Flavour Physics

K

l

e.g tree level leptonic K decay:

V

277

Assumed factorisation: 'y, = Vegm (WEAK)(EM)(STRONG)

A i
H—J W—J "
experiment output theory prediction

G2 Mwm? m? :
F(K52)2|Vu3|2 F_ (1 l) .
— (0]A,|K)

Experimental measurement + theory prediction allows for
extraction of CKM MEs
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Lattice QOCD

i S Free parameters:
LQCD e _ZFMVF - Z @bf (Z/y D,u 3% mf) wf * gauge Coupling s a52g2/477
i e quark masses ms= u,d,s,c,b,t

* Lagrangian of massless gluons and almost massless quarks
* what experiment sees are bound states, e.g. 1, mp > m,4

» underlying physics non-perturbative

Path integral quantisation:

(0[010) = % [DIU,,p|0e"SulV:w:¥] | |
<O|O|O> = % ID[Uﬂb,@E]OG_ S|at[U,¢,@Z] Euclidean space-time

Boltzmann factor

finite volume, space-time grid (IR and Uv regulators)
Xl O

— well defined, finite dimensional Euclidean path integral
— from first principles
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Lattice QOCD

 gauge-invariant regularisation (Wilson 1974)

» finite volume lattice path integral still over large number of degrees
of freedom > O(10%?)

 Evaluate discretised path integral by means of Markov Chain Monte Carlo
on state-of-the-art HPC installations

BG/Q Argc -
10Pflop/s

BG/Q Edinburgh Noikes
1.26Pflop/s
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State of the art of lattice QCD simulations

What we can do
» simulations of QCD with dynamical (sea)
u,d,s,c quarks with masses
as found in nature> Ny =2,2+1,24+1+1
* bottom only as valence quark
e cut-off a ! < 4GeV

e volume L<6fm

. action density of RBC/UKQCD physical point DWF ensemble
Parameter tuning

[ IMPORTANT:
- once the QCD-parameters
| are tuned no further

start from educated gquesses and:

e " e AM m
* tune light quark mass am; such that =
st 4 ! amp mPPDG

il
* tune strange quark mass such that = —%5pa | o .
amg Mg - predictive simulations of

 determine physical lattice spacing a =



benchmark - the hadron spectrum
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“tree” kaon/pion decays

S S Ee R R m?, : 9
(K = poy) = 3o fempme (1 - m2. Vs

(05/dyuysulK/m(p)) = i frc/nPu

(K _>NDM) = ‘Vusyz JK : m (1 —mi/m%{y

e % 0.9930(35
F(?T S NVM) ‘VudP o mﬂ(l . m%ﬂé{m%)z Phys.Rev.L tt(2004)
arciano, Phys.Rev.Lett.
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FLLAG — Flavour Lattice Averaging Group

“What’s currently the best lattice value for a particular quantity?”

FLAG']. (Eur. Phys. J. C71 (2011) 1695)
FLAG'2 (Eur. Phys.]. C74 (2014) 2890)

FLAG'3 (Eur.Phys.J. C77 (2017) no.2, 112, http://itpwiki.unibe.ch/flag/ )

°* quantities: T

fic/ frs F57(0), Bi, SU(2) and SU(3) LECs
ID(ys IBys BB, B(s)— and D(,)—semileptonics

s

* summary of results
» evaluation according to FLAG quality criteria (colour coding)
- averages of best values where possible
* detailed summary of properties of individual simulations

FLAG-4 kickoff meeting end of April at Higgs Centre for Theoretical Physics, Edinburgh
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http://itpwiki.unibe.ch/flag/
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‘Vud|2 i ‘VuS‘Q = ‘Vub‘Q ~ ‘Vud‘Q S |Vu8|2 =1

C

@ Recognized by European Physical Society

volume 77 - number 2 - february - 2017

Particles and Fields

LAG2014

fK+ ‘VuS‘
f7r+ ‘Vudl

FLAVIA Kaon WG EPJ C 69, 399-424 (2010)
KTeV, Istra, KLOE, NA48 arXiv:1005.2323

Vs | X7 (0) = 0.2163(5) = 0.2758(5)

@ Springer

Societa Italiana
di Fisica
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http://arxiv.org/abs/arXiv:1005.2323

Summary |

e (non-rare) Lattice QCD for Kaon Flavour Physics has matured
(leptonic, semi-leptonic decays, kaon distribution amplitudes,
hadronic kaon decay; ...)

» independent groups with different approaches competing

e (sub-)percent precision for small set of quantities feasible in
QCD

* FLAG summarises particularly mature quantities in a way
accessible /usable to the wider community



“Beyond Precision Lattice QCD”

Go beyond factorisation
777

Toxp. = Vexm(WEAK)(EM)(STRONG)

treat jointly in lattice QCD+QED

Go beyond short distance physics

1k



Including QED in meson decay MEs

 most results in FLAG report based on QCD with m=m,=mgand arm=0

* isospin breaking corrections computed in effective theory, e.g. ChPT
based on factorisation of QCD and QED

« with 1% precision on QCD matrix elements isospin breaking
needs to be taken into account properly

apm=1/137  (myu-ma)/Agcp= O(1%)
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Isospin corrections are important

2 m5
e e.g. K—»nlv: Tk ymip = Ci Cig%éf Sew (1 + Agy@) + Aem)’ [ |ff“(())|2|VuS|2

e precision now such that corrections need to be improved:

Approx contrib to % err
Moge V. LB Vs etr -cBR. - =% A I
K74 -02163(6)-:0:26 0.09 "0.20: 0:41- 0105
Kr,s 0.2166(6) 0.28 0.15 0.18 0.11 0.06
Iooar =055 3T 00 060002 =107 E =005
e U2172(8) =036 027200622025 = 0105
R 025 0y =006 025 906

Moulson@CKM 2014
arXiv:1411.5252

13



OCD+QED

QCD+QED Action:
e
' a
s LS pa a
s

* MC simulation of discretised theory

Very lively research topic — important questions:
* photon is massless - what to do with zero mode?
* finite volume effects more severe (QCD’s mass gap ensures FVEx e
for simple MEs
* dealing with IR divergencies

—me)
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OED zero mode

Feynman gauge A = 1 cllae )
photon propagator (discretised) —HV (71, 22) = MY 14 ook
ol sing 22

QEDr. drop 4d zero mode A, (k=0)=0 Duncan, Eighteen PRL 76 3894 (1996)

QED; drop T 3d zero modes A, (ko, k=0)=0 for all ko Hayakawa, Uno PRP 120 413 (2008)
QED, introduce photon mass Endress et al. PRL 117 072002 (2016)

* C"boundary conditions Lucini et al. JHEP 02 (2016) 076

(fields periodic in u=i up to charge conjugation)
each one has its pros and cons ...

in the following QED



Finite volume eftects for QCD+QED

*no mass gap in QED (as opposed to QCD)

e Infrared (finite volume effects) are universal

— compute analytically in effective theory
L eading finite volume effects

- [ 2555 [ ) o)

e Example: FV correction to scalar QED self energy

N f\f\/\_/L

Ky Y
— : 5

o 447
(k2 + ie)((p + K)® — mB + i
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Finite volume eftects for QCD+QED

leading behaviour universal in k (structure- and spin-independent)

2 9 9 K 2 BMW Collaboration
P E=—ams i —igs @ 1+ —— Science 347 (2015) 1452-1455

e 5 W arXiv:1406.4088

L3 %128, my=0.2
__ m2=0083204:2¢-06 Lot’s of work going on to analytically
x%/d.o.f. =1.395
predict finite volume effects in the

presence of photons
(e.g. Lubicz et al. Phys.Rev. D95 (2017) no.3, 034504 )

0.0832 A

0.0831 A
0.0830 A

0.0829 A

Southampton group: James Harrison These predictions will be used to correct

0.0828 - data: scalar QED simulation for QED-induced finite volume effects

curve: analytical formula

0.0827 T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06

1/L
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http://arxiv.org/abs/arXiv:1406.4088

Including QED in meson decay MEs

Beyond including QED effects in LQCD for spectra and a small number of
hadronic matrix elements it gets quite tricky:

e leptonic decay at O(a?):

(2 I e, 2\ 2
P ) = F|8d’ f”mﬁm%( _ﬁ)
T

* including elm. etfects @ O(«a) - we no longer speak in terms of the decay constant

B G Gt e SN s e 61 IR div. cancel between

T'o 4 I terms on r.h.s. between

virtual and real photons
(Bloch Nordsieck)
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Including QED in meson decay MEs

Carrasco et al. PRD 91 074506 (2015) arXiv:1502.00257
Lubicz eta 1. PRD 95 (2017) arXiv:1611.08497

e cut on small photon momentum < AE — y sees point-like 7t

AE=20MeV experimentally accessible and @ “point like”, i.e. no structure

point approximation

Y
FA B — lin (N Nim (FPt F\Il’t(AE))

V=00
| =) Mol )
lattice and analytical ~— analytically in V—co

finite V

both terms separately IR finite, gauge invariant on its own

21


http://arxiv.org/abs/arXiv:1502.00257
http://arxiv.org/abs/arXiv:1611.08497

OCD+QED: first applications for ME

Carrasco et al. PRD 91 074506 (2015) arXiv:1502.00257
Lubicz eta 1. PRD 95 (2017) arXiv:1611.08497

BB o (g ¢ Vhinoo(rgt SRR OA R

V—o0

[(rtt—1*y) Bl =la/GAED

* Finite volume effects computed on the lattice:

(71(77)

B — €l —Cholui) los(m L) s

G =

* these finite volume effects are universal, i.e. structure independent
they should therefore cancel inT'y — I'P'

* O(1/L?) corrections are structure dependent

22


http://arxiv.org/abs/arXiv:1502.00257
http://arxiv.org/abs/arXiv:1611.08497

OCD+QED: first applications for ME

o light flavour matrix elements f, fx, f(0), ...
the way we do exp+th. analyses will change - reference to
decay constants and form factors may disappear

» lattice predictions of leading hadronic contribution to muon g-2

» lattice (mu-ma= 0, apm=0) is getting
competitive with experimental determination
(ete—hadrons))

* next step would be inclusion of isospin breaking
effects

inclusion of QED effects will be one of the big challenges in
Lattice phenomenology over the next years
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Neutral kaon mixing - short distance

ay

" 4

~ FLAG2016

Ne=241+

Ne=2+1

N¢=2

FLAG estimate for Ny=2+1+1
ETM 15

FLAG average for Ny=2+1

RBC/UKQCD 16
SWME 15A
RBC/UKQCD 14B
SWME 14

SWME 13A
SWME 13
RBC/UKQCD 12A
Laiho 11

SWME 11A
BMW 11
RBC/UKQCD 10B
SWME 10

Aubin 09
RBC/UKQCD 07A, 08

FLAG estimate for N,=2

ETM 12D
ETM 10A
JLQCD 08
RBC 04

.65 070 0075

0.80 0.85

* SM kaon bag parameter here excellent agreement at the 1.3%-level
* results for BSM bag parameters B», B3, B4, Bs also available — FLAG report
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Long distance eflects in neutral kaon mixing

A(K; — (71)1=0)

. Im( KO\ HAS=2| KO L.D. effects ‘
Ex = — e’¢e sin qf)e W Buras, Guadagnoli PRD 78 (2008)
Buras, Guadagnoli, Isidori,
A(Ks — (mtmt)i=0) A My PLB 688 (2010)

Long Distance effects amount to O(5%), so certainly worth considering on the lattice

1st order Weak 2nd order Weak

Christ, Izubuchi, Sachrajda, Soni, Yu

HW arXiv:1212.5931 HW HW
single 4-quark OP, two 4-quark O
length scale 10-®m length scale 1/ Aqcp

2o



Long distance effects in kaon mixing: AWMy

' KO 0

A

experimentally AMx=3.483(6)x10*°MeV (PDG)

(TR

u,C 1 A u,C KO

2nd order EW, suppressed by 14 orders of

magnitude with respect >
KO

W

to QCD — poses strong BSM constraints i :

(e.g. (1/A)? 5d5d BSM contribution) knowing = =

AMK at 10%-1@V€1 — A>104TeV FeUSElo O TP,
k 5 d

SD about 70% of experimental value - rest LD?

d

>

PT large contributions at u~m. where PT turns
out to converge badly (NLO->NNLO constitutes

36% correction)Brod, Gorbahn PRL 108 121801 (2012) arXiv:1108.2036
26



UNCEL 1%
; R e 7 | A Al
long distance eftects: | » X " re [T s
I b 7]l E 2 U IE e -
Rare kaon decays “|. i (. )|
Two new experiments dedicated to rare kaon decays / K; — nlvp \
NA62 (CERN) and KOTO (J-PARC) are running . KOTO (J-PARC)
« FCNC (W-W or v/Z-exchange diagrams) * direct CP violation
e deep probe into flavour mixing and SM /BSM * exp. BR <2.6x107°
due to suppression in the SM theory BR 3.0(3) x 10~
e can determine Vi, Vis and test SM * GIM — top dominated and
\Charm suppressed, purely SD/
IS T el P a7
* 1-photon exchange LD dominated e NA62 (CERN)
* indirect contribution to CP-violating * CP conserving
rare K; decay s eXp-BRE L 3gg o) < 1071
* SM prediction mainly ChPT theory BR 0.911(72) x 10~19
* lattice can predict ME and LECs « small LD contribution,
* experimenters will be able to look at candidate for lattice
these channels as well ( compute in lattice QCD)
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long distance effects

In previous examples generic situation is two Weak Hamiltonians separated
by hadronic length scales

Integrate operators (here Hw) over time interval where initial and final kaon dominate

y

it e
A= (01T KO(t): / it / dty Hyy (t2) Hy (1)K (8) Y [0)
ta ta

\

\

/
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long distance eflects — AMg

N. Christ et al. PRD 88 (2013) 014508 arXiv:1212.5931
Bai et al. PRL 113 (2014) 112003 arXiv:1406.0916

e N}Z{e—MK(tf—ti) Z <K0|HWW<”|HW|KO> Mm% 1 i S S ol
Mg — E, / Wb — 8 e — 18,
amplitude  irrelevant exponential term
AmbY constant needs to be subtracted
AT
» multiple hadrons in intermediate states causing difficulties i Z
—( )—K

and need to be subtracted

* finite volume corrections from two-particle intermediate state can be sizeable
N. Christ et al. PRD91 (2015) 114510 arXiv:1504.01170 also: Briceno, Hansen arXiv:1502.04314

extension of Lellouch-Liischer correction to 2nd order weak MEs
APV (AMy) = — cot (p(Mr ) + 6o(My)) U EE) |\ (KO Hy |nm, M)V’ |2

* what happens when the two Hw approach each other (GIM in action)?

5


http://arxiv.org/abs/1212.5931
http://arxiv.org/abs/arXiv:1406.0916

Rare kaon decays K™ — 77171~

N. Christ et al. arXiv:1507.03094

== e arXiv:1602.01374
e ! SSa LD contribution given through K—y~
\ contribution which is computed as
G ; 1y : (i 2 4
: u A= (@) [ dalmp)IT 17,00 Hw @)] 1K &)
dominant operators: Q7 = (5;v.d:) (37 4q;) Qi =(sar e Ea cmmdy)

3.0

Decay amplitude in terms of elm. transition form factor

A= = TR P o) =5 5)

47 1 |
‘/?/(Z) — Q4 = b@Z - ‘/;WW(Z) o | ’

-

* the as and a. can be extracted from experiment or lattice

— ‘.I:I a+ bz
* g5 parameterises also the CP-violating contribution _ ii e
tO the KL decay _,A;: <4< K(1.0,0) = =(0.0,0) +~(1.,0,0)
-12 -1.0 = 0.6 —0.14

30


http://www.apple.com
http://arxiv.org/abs/arXiv:1602.01374

Summary Il

* considerable set of SM parameters, spectra and matrix elements now
reliably and precisely predicted in full lattice QCD — “bread and butter”
» results with good control over systematics summarised by
Flavour Lattice Averaging Group (FLAG) (3rd edition is out)

* New challenges in Flavour physics:
e precision on “bread and butter” such that isospin breaking
in matrix elements and spectra needs to be taken into account
* long distance effects (neutral main mixing, rare kaon decays, ...)

loads of new questions and theoretical problems and potential
impact on SM and BSM phenomenology
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