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1. Lattice QCD (why and what)
2.Precision Flavour Physics

3.Pushing the Frontiers



Motivation

» Standard Model of elementary particle physics describes
electromagnetic, weak and strong (QCD) interactions
consistently in terms of a renormalisable quantum field theory

* but there is substantial phenomenological evidence that it
can’t be the whole story: dark matter, CP-violation, ...
indicate that there must be sth. else

» despite decades of experimental and theoretical efforts
we have not found a smoking gun



Motivation

e searches for new physics: direct vs. indirect search:
* ‘bump in the spectrum’
* SM provides correlation between processes
experiment + theory to over-constrain SM

* hadronic (QCD) uncertainties dominating error budget

» lattice QCD can in principle provide the relevant input and is
becoming increasingly precise in its predictions



asymptotic freedom
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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,, |0 SulUw:¥] | |
<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)

* naively: replace derivatives by finite differences, integrals by sums

» finite volume lattice path integral still over large number of degrees
of freedom >0O(1019)

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

] 1 o R

BG‘,Q ﬂ E;-=

BG/Q Edinburgh Noes g A
10Pflop/ls

1.26Pflop/s

7



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
asffound innature > N =2, 21, 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 ensem ble



lattice - systematics

In practice one needs to control a number of sources of systematic

uncertainties, most notably:

7 N
» discr. errors (lattice spacing a)
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finite volume errors (box size L)

In QCD for simple ME o e”™"" oc O(1%)

more complicated for processes with several

hadrons in initial or final state

Liischer Commun.Math.Phys. 105 (1986) 153-188, Nucl. Phys. B354, 531 (1991)
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quite crude, in practice more complicated



lattice size

need to keep

k 1 (a'l < relevant scales <« L'I)

e for m.=140MeV the constraint for controlled
finite volume etfects of m,Lz4 suggests L=6fm
e for charm quarks to be well resolved am.< 1

e.. a'!larger than =2.5GeV needed
e lattices with L/a=80 needed

Fulfilling all the constraints is just starting to happen
(e.g. first 963x192 have been generated (MILC)) in the meantime most collaborations
 weaken the finite volume effects by simulating unphysical heavy pions

* extrapolate from coarser lattices relying on assumptions for functional
form of cutoff effects
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benchmark - the hadron spectrum
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Lattice pheno - what's possible

* Standard:
- meson ME with single incoming and / or outgoing pseudo-scalar states
ke e OC D yacuum 2 = ol o DI B e, B
- QCD parameters: quark masses, strong coupling constant
- meson /baryon spectroscopy of stable (in QCD) states

* Challenging:
- two initial / final hadronic states, one channel 77 — 7n, K7 — K7, K — 7, ...
- elm. effects in spectra

* Very challenging - new ideas needed/no clue:
- multi-channel final states (hadronic D, B) (e.g. Hansen, Sharpe PRDS6, 016007 (2012))
- long-distance contributions in e.g. rare Kaon decays, K, D-mixing (Bai et al. PRD113 2014)
- transition MEs with unstable in/out states (Bricefio et al. arXiv:1406.5965)
- elm effects in matrix elements
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(Quark Flavour Physics

q
o : d’ Vuda Vus Vb d
y e s’ e Vea Ves Ve S
» \ b Vea o Wi b
l 3x3 unitary matrix
4 unknown parameters

o >< * quark mixing

» CP-violation (one complex phase)
l * constraints on SM processes

* high energy reach
300MeV (had;|Hy |had;)  * inconsistencies -> failure of the SM?
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(Quark Flavour Physics

b
[
e.g tree level leptonic B decay: @4—3
vV

u

‘?‘?

Assumed factorisation: I'gy, = 4 Voxwu (WEAKg(EM) STRONG)

currentl
Chiral EFT

— W—/ = ~—
theory output theory prediction

Experimental measurement + theory prediction allows for
extraction of CKM MEs
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Flavour Physics

Determine CKM elements «— (indirect) test of SM:
* over-determine elements of Vcxa and check consistency of CKM paradigm
* unitarity tests:

- rows and columns are (in SM) complex unit vectors

- rows (columns) are orthogonal to other rows (columns)

violation of unitarity would indicate non-SM physics

e e = Z VudVg, =0

row-test U=u,c,t triangle-test

* in which channels is there still room for new physics
- how much new physics would be compatible with
measurements
- what would be the properties of new physics
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Lattice flavour physics and CKM

illustrations from

Q—W A L. Lellouch’s Les Houches
9 = =
leptonic decays = U ': " I+ Lecture arXiv:1104.5484
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lepton

‘tree” kaon/pion decays

-

meson

leptonic decay
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Nf=2
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Standard calculations and results - FLAG

Flavour Lattice Averaging Group
“What's currently the best lattice value for a particular quantity?”

FLAG']. (Eur. Phys. J. C71 (2011) 1695)

FLAG'Z (http://itpwiki.unibe.ch/flag/, Eur.Phys.]J. C74 (2014) 2890)

* quantities:
» FLAG-1: my 4, ms, fx/fr, f{7(0), Bk, SU(2) and SU(3) LECs
- FLAG-2: FLAG-1 + Qg, fD(s) : fB(S) : BB(S) ] B, D
* 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-3 - working on it
* FLAG-3: FLAG-2 + heavy quark masses
18


http://itpwiki.unibe.ch/flag/

“tree” kaon/pion decays

e semileptonic e .
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Numerical results from FLAG2, illustrations (preliminary) from FLAG3

First row unitarity:
o f£7(0) and [Vua| from experiment

o fi/fr and |Vud| from experiment
. ff” (0)and fx / f~ from lattice

£.00), | Via| filfi, | Via| combined
0.9993(5) 1.0000(6) 0.987(10)
1.0004(10) 0.9989(16) @ 1.029(35)

Eur.Phys.J. C74 (2014) 2890
arXiv:1310.8555
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Vus

‘Vud‘2 i ‘VuS‘Q i ‘Vub‘Q ~ ‘Vud‘Q S |Vu8‘2

FLAG Vs Working Group (Boyle, Kaneko, Simula)
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\Vuslffow (WIE—=0 201635 St [Vus| — 0.2758(5)  EPJ C 69, 399-424 (2010)
f T ’Vud ‘ arXiv:1005.2323
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0.225

high precision test of
SM unitarity - no worrisome

lattice results for £,(0), Ne=2+1+1
lattice results for fi:/fo, Ne=2+1+1 1
lattice results for £,(0), Nv=2+1

lattice results for fi:/fe:, New2 41
lattice results for £,(0), N,=2

lattice results for fya/fy:, Ne=2

lattice results for Nr=2+1+1 combined
lattice results for N, =2+1 combined
lattice results for N, =2, combined
nuclear g decay

tension at sub-percent-level
precision
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http://arxiv.org/abs/arXiv:1005.2323

241 +1

Ny

Ny =2+1

Ny =2

Leptonic D) meson decays
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N =2 +1

=D

Ny

non—lattice

Results for

FIAG2013 Vedl Vsl
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Ne=2+41+1

N¢ =2+1

Leptonic beauty decays

FAG2013 1B fe,
4
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Semileptonic beauty decays

Kinematical reach limited in lattice QCD — extract value of V,; from
simultaneous analysis of exp. and lattice data

2T
e 2 " . 2 e —
q° = (Eg — Eiight)” — (PB — Diight ) Dol
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N¢=2+1 Ne=2+1+1

=2

Results for | V|

FTAG2013
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50 5.5
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* tension between betw.
incl. and excl. semilept. decays?
* lept. decay lies in between and
agrees with both at 1.50



Results for | V|
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* slight tension in exp data

* looking forward to Belle II



Beyond precision lattice QCD

Go beyond factorisation

Lexy. = Voxm(WEAK)(EM)(STRONG)

treat jointly in lattice QCD+QED

Go beyond short distance physics
O(1/ Aqcp)
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Including QED in meson decay MEs

* Precision on MEs such that EM and strong isospin effects important
remember: so far mostly only QCD (m=m,=m4, apm=0)

« we should go beyond EFT treatment (e.g. replace ChPT estimates)
* need to understand how this can be done conceptually

* already many results for spectroscopic quantities but not for matrix
elements

e finite size effects with photons pose a substantial problem

5



Isospin corrections are important

_ 2 Gemb A A2 T £E7(0)]2 2
e e.g. K=nlv: Tk sniy = Cg 355 Sew(l + Asy@) + Arm)“ I |f17(0)|%|Vas|
3%

Kastner & Neufeld
Eur. Phys. J. C 57 (2008) 541

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
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OCD+OQED

Action:
s
: a
Sooke e > (OuAve — OAug)”
LA

MC simulation of discretised theory

QCD has a mass gap — finite volume effects o« =™~ (for simple MEs)

photon is massless and interacts over long range
— power-like finite volume effects « 1/L,1/L?,... from exchange
of photon around torus

sufficiently large volumes currently not feasible, so use etfective field
theory to subtract finite volume effects

31



am

C D —I— I i D BMW Collaboration
Science 347 (2015) 1452-1455
arXiv:1406.4088

Example: FV correction to mass of a spin-1/2 particle in QED

analytically compute the difference of the finite volume and infinite volume
self energies X:

JEEAG o= jl e
B { 1 [2mL ( = mL) (mL)3]}

leading behaviour universal in k (structure- and spin-independent)
0.1872

QEDq, . T/L=8 ¢ : ' : : '
QEDITI=3 4 401280 {
0.187 | QED; . T/L=2 © = $ {
QED; T-64 5 3
0.1868 | e | | ¥ /dol= L
[ :
0.1866
% -0.003
0.1864 | &
)
:  oa
0.1862 5 =
. 2 & =
0.186 | this work x“/dof= 1.4 E— - Z A
. y“/dof= 0.
NNLO Ref[32] x%/dof= 15 B
0.1858 , , , : ' ' - -
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04

S 3 all


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

QCD+QED: baryon mass splitting

* relative neutron-proton mass difference found in nature 0.14%
e the value has significant implication for nature
» smaller value — inverse -decay of H

« much larger value — faster f-decay for neutrons in BBN

| Cancellation:
- AN = (2.52(17)(24)
QCD

—

e 2

AD
==

—1.00(07)(14))MeV
QED .

— experiment
* QCD+QED -
() prediction

&) -

—.—_

BMW Collaboration

Science 347 (2015) 1452-1455 0

arXiv:1406.4088

BMW carried out simulations of
Nr=1+1+1+1 QCD+QED simulations
and determined the light baryon
isospin splitting

2

/;;A’;r
? physical point
‘v ) 2“8\‘ T
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= eal
: N decay ’
g‘c Je \ﬂve‘se
E
0 : 1 2
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Including QED in meson decay MEs

e leptonic decay at O(aY):

(2 WV 2 £2 2\ 2
By = F|8 d fﬁmwm?< - ﬁ)
T

* including elm. effects @ O(a):
L(nt = 1Ty(y) =TT = 1Ty) + Tt = ITyy)

Io Sl I'1

IR div. cancel between 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

e cut on small photon momentum < AE — v sees point-like 7t
AE=20MeV experimentally accessible and 7 point like

point approximation

T
D(AE) = lim (T — ") + lim (" + I (AE))

Bints=lew) ['(mt*—=I*vry(AE))
lattice and analytical  analytically in V—co
finite V

both terms separately IR finite, gauge invariant on its own

* analytical calculation for pt. approximation is done:

En-@-z/g - IGFfﬂ' V:d {(C “A } {Q vy —.hﬁl" u""f} == ¢ 8


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

Including QED in meson decay MEs

/ de DivitiisPRD 87, 114505 (2013) arXiv:1303.4896
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http://arxiv.org/abs/arXiv:1303.4896

Including QED in meson decay MEs

24% m-=500MeV

|

Se 08

le 07

ApAy

first time ever

conceptually clean

attempt of cal-
culation of leptonic
decay at O(«)
disconnected pieces
need to be included
I'o works, now needs
to be combined wt.
analytical results

for TF, 7" (AE)
~20% stat. error would
be sufficient for use in
phenomenology




QCD+QED applications

o start with light flavour matrix elements f, fx, f:(0), ...

& m5
Tk sty = CESETK G (1 + (DR I | £57(0)[2|Vas|?

(7 (pe) [V O K (00)) = F57(a?) (px +pW><pK — )

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

* lattice (isospin symmetric, arpm=0 is getting
competitive with experimental determination
(ete—hadrons)

 next step would be inclusion of isospin breaking
etfects

» inclusion of QED effects will be one of the big challenges over the
next years 38



Long distance effects in e e e
kaon physics - mixing : s ‘
’ 0 1L JAS=2) j0
e A(KL =2 (T(T()I=0) 2 eid)g sin (pt_ Im(K lHW |K ) Buras, Iguaaxgrgxflg?gtg (2008}
A( K G (T(T( ) I=0) A M K 8urasf; LGBugggg(g;.o;sldon,

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
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Neutral meson mixing - kaon - short distance

FLAG Bk Working Group Dimopoulos, Mawhinney, Wittig

FIAG2015 ' BK Qg
D
—aH— RBC/UKQCD 14 <
- SWME 14 op
—— SWME 13 g
-——— SWME 13 2.
—— RBC/UKQCD 12 =
— Laiho 11 oK
e S SWME 11A = contrary to BSM bags here
HH BMW 11 o
- 0 RBC/UKQCD 108 o excellent agreement at the
—— : SWME 10
N —HH— Aubin 09 = 1.3%-level
> p—t—{J—+—H RBC/UKQCD 07A, 08 g
- our estimate for Ny =2 +1 0%
)
—a— ETM 12 =)
—a— ETM 10A —
C . o ‘ JLQCD 08 >
I p—{F—H RBC 04 Q
= ; ) : our estimate for Ny =2 B
U0 =S = 0esS ~
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Beyond short distance: e.g. AMx

(AMK =_Hge =l ie e QRGMO() ' M(_)O

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

suppressed by 14 orders of magnitude with respect

to QCD — poses strong BSM constraints
(e.g. (1/A)? 5d5d BSM contribution) knowing
AMg at 10%-level — A>104TeV

SD about 70% of experimental value - rest LD?

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
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long distance effects — AMk

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

My, = P;<F|HW|>‘><)\|HW|KO>

mK—EA

(- )

T (s e
A= O Kt)y [ dta [ dbs Hurlea) Hw ) K10 £ 1)
ta ta

\

/

Integrate operators (here Hw) over time interval where initial and final kaon dominate
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http://arxiv.org/abs/arXiv:1406.0916

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)?
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: S ];] SR
long distance eftects: | » X " re [T s
AP W | = I N | :
Rare kaon decays *|. ik (. A
Two new experiments dedicated to rare kaon decays
NA62 (CERN) and KOTO (J-PARC) are running / e \
« FCNC (W-W or y/Z-exchange diagrams) « KOTO (J-PARC)
* deep probe into flavour mixing and SM/BSM e direct CP violation
due to suppression in the SM « exp. BR s orie e
e can determine V;, Vi and test SM theory-BRES (B EiE
e GIM — top dominated and

kcharm suppressed, purely SDJ

JACI S

« NA62 (CERN)

* CP conserving

e BRI B s g Al
theory BR 0.911(72) x 10~1

 small LD contribution,
candidate for lattice

har s kel e

* 1-photon exchange LD dominated
indirect contribution to CP-violating
rare K decay

* SM prediction mainly ChPT

* lattice can predict ME and LECs

* experimenters will be able to look at
these channels as well

AL o

compute in lattice QCD)

€



Rare kaon decays K™ — 77171~

N. Christ et al. arXiv:1507.03094

v e arXiv:1602.01374
e el LD contribution given through K—y~
\ contribution which is computed as
|| ° W 2 b
u AT A= @) [ deE@IT U0 B @) K )
dominant operators: Qf = (sividi) (375 45) Q% = (5ivia) (@i d;)

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

— V(2) =a + bz
* g5 parameterises also the CP-violating contribution _ ii R e
tO the KL decay _,‘;: 44 K(1.0,0) = 7(0,0,0) + ~(1,0,0)
-12 -1.0 = 0.6 —0.14
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Summary/ Conclusions

considerable set of SM parameters, spectra and matrix elements now
reliably and precisely predicted in full lattice QCD

Flavour Lattice Averaging Group (FLAG)

precision such that isospin breaking effects in matrix elements and
spectra needs to be taken into account

long distance etfects:

* neutral kaon system

» rare kaon decays (new experimental facilities!!!)
with loads of new questions and theoretical problems and potential
impact on SM and BSM phenomenology
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Summary/ Conclusions

e this talk is by far not inclusive:
S e e e
o finite-T,u
« BSM

34th International Symposium on
Lattice Field Theory

LATTICI%
University of Southampton

24-30 July 2016 FVAW m

Looking forward to see you in Southampton!
http:/ /www.southampton.ac.uk /lattice2016/

registration and abstract
submission open!




