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Plan of the talk

* Need for lattice phenomenology and
Introduction to simulations

e FLAG Initiative

(b-quark mass for Higgs physics and heavy guarks on
the lattice)

* Recent developments:
- QCD + QED why, what, how ?
- Hadronic decays



Motivation: non-perturbative phenomena

QED - QCD (as prototype of strongly interacting theories)
QED

« Photons and e+, e- act much like N\ =
free particles. O\ TN\
 Perturabtion theory makes sense. N

. Solved by expansion in a_ =1/137.

QCD
* Quarks and gluons are never observed

(confinement).

 Perturbative treatment is absurd at

low energies.

 Conventional methods fall.



What theory is QCD ?
Quite surprisingly it describes

QCD

> jets at large energies

» hadrons at small energies & Gl b

» nuclei at even smaller energies @ QCD




a(Q)

1

Lqcp = _EH{FH“ Fot+ Zf_f{D + mof Vs
=1

N

» Nf +1 =7 (bare) parameters

An intuitive picture can be gathered from the running of the coupling

0.3r

0.2+

0.1+

Sepl. 2013

v T decays (N3LO)

2 lattice QCD (NNLO)

a DIS jets (NLO)

0 heavy quarkomia (NLO)

o ege )ets & shapes (res. NNLO)
® Zpole fit (NLO)

v pp'—= jets (NLO)

= QCD ay(M,) =0.1185 + 0.0006
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Understanding strong interactions. Stabllity of light hadrons

quarks proton

i ‘

3 x5 grams 1 kilogram

2000

1500

M[MeV]
o o
o o
- o

o

Hadrons are all binding energy !!

Budapest-Marseille-Wuppertal collaboration

EK* +N

—— experiment

——= width

o

¢

input
QCD




Several hadronic processes depend on hadronic contributions. E.g.

(Charged) Decay constants

(O]t ys5ds | P(p)) = Fpp,, are the hadronic parameters entering
leptonic decays of pseudoscalar mesons

W-l-



Form factors

Parameterizing semileptonic decay. Simplest: B — w/v

lgnoring the lepton mass:
dr G2
dqg? 2473
The hadronic matrix element is from a quark bilinear

(m(px)|V¥*|B(pg)) = f+(q°)(px + P8 — GAm )" + fo(q*)g"

with A, = (m% — m2)/q?

P?r‘vub‘z‘ﬂ(qz)‘z
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SM fit

0.5

@ [he Higgs particle gives mass to leptons, quarks and vector bosons
(EWSB).

@ The matrix of Higgs Yukawa couplings to fermions is non-diagonal.
Interactions eigenstates #* mass eigenstates. They are related
through the unitary CKM matrix

@ 4 parameters A, A, p, 1. The product of two columns closes up In a
triangle (in the SM).



Goals of Flavor Physics: determine Viokwm, look for signals of NP,
constrain possible BSM models.

2006 2009 2013

Impressive success of theory, where lattice has an extremely important

role, and experiments. The analysis of experimental data, always requires
non-perturbative hadronic parameters, as the processes always involve
hadrons in the initial /final states.



QCD on the lattice

Fyv(z)




Lattice QCD and computers

Huge CompUtatlonal demand. Computer Node Space-time point

Uniform space-time structure - ~ N
parallel computing. ¢ f r—r—¢ I *
As_s.ign a cluster of space-time )i L ! ! i
points to each processor (core).
Evaluate the path integral using ’ & & & " 5
Importance sampling (Monte Carlo).
Simple, repetitive arithmetic — Y +—Y +—
(10°x10° matrices to vectors).

L - - L 2 o L ]
Parallel computing was born for
these problems (APE) and the . . . . it !

progress in the beginning was
driven by lattice applications
(QCDOO).

APE = Array Processor Experiment, 1 Gflop/s in 1987
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Ensembles

Ty T d e me Ty T

=t -t
10 10 10 \ 104 10° MeV

amg =~ 1/3

q
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M, (experiment) @ [G Herdoiza]



Lattice can provide first principle — systematically improvable
determinations of such parameters. However they are not
free from approximations / systematics

» Number of dynamical flavours

» Unphysical quark masses (and no isospin breaking)
> Finite lattice spacing

> Finite volume

» Renormalization

FLAG's goal is to walk users of lattice results through
systematics and the way they have been addressed

16
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Criteria, as of now

e Chiral extrapolation:
* My min < 200 MeV
> 200 MeV < My min < 400 MeV
m 400 MeV < M min

e Continuum extrapolation:
# at least 3 lattice spacings and at least 2 points below 0.1 fim and a range of lattice
spacings satistying |[amax/@min] = 2

> at least 2 lattice spacings and at least 1 point below 0.1 fm and a range of lattice

spacings satistying [amax/@min] = 1.4
m otherwise

e Finite-volume effects:
*  [Mx min /f\fﬂ,ﬁd]g exp{4 — Mz min[L(Mzx min)|max } < 1, or at least 3 volumes
0 [ﬂfmmin/ﬂfmﬁd]g exp{3 — Mz min[L(Mz min)|max } < 1, or at least 2 volumes
m otherwise

e Renormalization (where applicable):
* non-perturbative
> 1-loop perturbation theory or higher with a reasonable estimate of truncation errors

m otherwise
18



Ne=24+1+1

Ne=241

Ne=2

pheno.

Light quark masses

—

+ m
FIAG2016 Ms ¥ FEG2016 ud
| | | | | | ! ! I T I
: + - our estimate for Ny=2+1+1
our estimate for Ny =2+1+1 o - ETM 14cwa
HPQCD 14aca Il
H—l—H ETM ld4cwa [ our estimate for Nr=2 + 1
= EIU ED 1l4tka
HIH our estimate for Ny=2 +1 12
IHl RBEIUKEJJED lgtka Lalw?
RBC/UKQCD 1
HH FACS-CUS 12 '_T_ —H MIL 1r:1
BMW 10A
HH ™ PACS-CS 10 (o] H RBE&JK&ED 10A
W] HPQCD 10 Il —— é%g
H{H RBC/UKQCD 104A b gﬁ.
L H— Blum 10 Z MIL
L PACS-CS 09 & F
iH HPQCD 09A < S %(@ %
HQ—' MILC 09A +<>E|JH CF ES 07
our estimate for N, =2 }—O—p Hikey E4 HPQCD/MILC/UKQCD 04
ALPHA 12 il our estimate for Nr=2
HH Ddrr 11 }%_ D rr 1
B L+ ELTB@ égﬁ "Ti' hLOtCIéJ;rWQCD D8A
H ETM 07 N
QCDSF/UKQCD 06 Z H : . . EC SJI{UA(QCD 06
—k— PDG T ST % SFIUKQCD 04
—— Eﬁr‘gin ueagg ﬁg Q()H F PACS 01
—— etyrkin
Jamin 08 ﬂ? o - Dor‘mn 09 ﬁg
I @ : Narison 06 142 - Narsofl U6 142
, , | R | | Vainshtein 78 143 g | | ’$|‘ | Maltman 01 144
70 80 90 100 110 120 Mey ©2 3 4 5 6 MeV

- 'Estimates’ differ from ‘averages'. For N=2+1 an error coming from
guenching of the charm has been included
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Ny =241 Ny=2+1+1

T

non-lattice

Leptonic and semileptonic Kaon and pion decays

f

FLAG2016

+(0)

-

our estimate for M,=2+1+1

ETM 15wzu
FNAL/MILC 13maa
FNALMILC 13C

HEH

our estimate for My=241
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|
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MILC 10
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PRELIMINARY
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FLAG2016

0.230

0.225

VU.S'

lattice results for £.(0), Ne=2+1+1
lattice results for fi=/f., Ny=2+1+1
lattice results for £,.(0), Ne=2+1

lattice results for fi./fi., Ny=2+1
lattice results for £,.(0), N.=2

lattice results for fi/fi., Ny=2

lattice results for Ny=2+14+1 combined
lattice results for Ny=2+1 combined
lattice results for Ny=2, combined
nuclear g decay

0.2204

0.215

LUMERENE

0.96 0.97 0.98 0.99 1.00 1.01 1.02
d

A

|Vu|2:O.980(9) for N=2+1+1. The consistency among leptonic and semi-
leptonic determinations of [V _| is a check of the equality of the Fermi

constant describing interactions among leptons and the one describing
Interactions among leptons and quarks (may not be in BSM). 21



The hadronic parameter in € at LO in the EWH

FLAG2016 Bk

L our estimate for Nj=2+1+1

L ETM 15pra

Nf:2+1 +1

—- our estimate for Nj=2+1

il i SWME 15sla
—— REC/UKQCD 14tka
I il I SWME 14sja
H | SWME 13tca
I L H SWME 13
T REBC/UKQCD 12A
i

i Laiho 11
SWME 11A
H--H BMW 11
I HH | RBC/UKQCD 10B
e | SWME 10
I H H | Aubin 09
| | RBC/UKQCD 07A, 08

NF:2+1

L our estimate for N;=2

I i I ETM 12cu

H———1_1 H ETM 10A
| [H | JLQCD 08

T RBC 04

065 0.70 0.75 0.80 0.85
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New quantities in FLAG Il and Il

e For light flavors, lattice computations are quite precise, mature and
advanced, to the point that isospin breaking and QED effects have to
be included soon (see later).

e "'Heavy quantities” included in FLAG-II an lll are less advanced.
Fewer computations (sometimes one only) passing the criteria.

e In FLAG Ill we have included lattice dterminations of heavy quark
masses, charm and bottom. The latter is relevant for Higgs physics.

23



S. Dawson (BNL)

Largest Higgs BR is to b’s  cps, may, 2015
GrpN,
42

QCD included to N3LO for H>bb predictions

Sensitivetom,: T(H — bb) = mp 3° Mg

Input values for Higgs BR fits

Central Value -
b

o (M,) 0.119 +0.002 (90%CL) — ~ £3%
m, 4.49 GeV +0.06 GeV b
M, 172.5 GeV £2.5 GeV

M, is pole mass calculated with 1 loop running of m,(m,)=4.16 GeV

Also, dominating uncertainty in:

FH(’NBH —= 125 GE;‘V) — 4 MeV + 4%

24



S. Dawson (BNL)
CP3, May, 2015

Consistent with SM Hypothesis

ATLAS Prelim. |—otstat>  Total uncertainty
19.71b' (8 TeV) + 5.1 15" (7 TeV) m,=12536GeV | (g5nc) | =loonp
Combined cCMS m,, = 125 GeV Hosyy raz
w="1.00% Q.14 B
Pas = 052 w=11792¢n -
H— vy tﬂgge'd - TR A8 BT I :
p=112+024 H—=Z7*—= 4| a3s (I I
=1.44:240 104 ——
H— 727 tagged & __ m'u o= | |
w=1.00+029 H o> WW* - by |0
H— WW tagged = u=109%210
u=083+021 e ' L |
H . 4 WZH-—-=bb it e
— 1T lagge | + 02
W=0.91+028 - n=05%3 6 S
H — bb tagged = H—1o +oa M|
- 084+0.44 : 03
}I 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 u = 14£: -0 ]

0 05 1 15 2 DU U T
Best fit o/c,, ﬁ=?TerLdt=4_54_?1b"0 05 1 15 2

/ 5= BTeV fLdt= 203 15" Signal strength (u)
) ralassad 09,12 2014

Requires theory input!

Errors soon to be dominated by theory
25



Heavy quarks on the lattice

@ finite volume effects are mainly triggered by the light degrees of
freedom. The usual requirement is mpsL > 4 and mps is now
getting to the physical point = L ~ 7 fm.

@ cutoff effects are related to the heavy quark mass.
a<<1/my~0.03fm .

= L/a ~ 200 is needed to have those systematics under control !!
Integrating out the heavy quark mass in this case is useful !!

3 il T
Il

[
‘h #F‘

In addition the autocorrelation of observables grows as 1/3" with n > 2 [schifer,
Sommer and Virotta '10, Liischer and Schifer, '11]



Different methods have different systematics. It is crucial to compare
results from a variety of them. Briefly:

Most approaches directly apply some EFT (typically valid in a
particular kinematic regime)

© NRQCD [Thacker, Lepage 1901 Expansion in v and in 1/my,.
Dim. 5 ops at leading order = non-renormalizable.
One has to look for a window where cutoff effects (O(a"))and
power divergences (O(1/a™)) are both small. Typically amy > 1.
e Combinations of HQET and Symanzik effective theory:

0 O(a) improved HQET [aLpHA ]

O First Symanzik EFT, then HQET (expand in 1/mj the improvement
coefficients) — Fermilab action [Ei-khadra, Kronfeld, Mackenzie 1006, RHQ [christ,
Li, Lin 2007] and Tsukuba action [Acki, Kuramashi, Tominaga 2003].

Having introduced operators of higher dimensions all these theories
produce power divergences (also in the Fermilab approach when
mp — oo at fixed a).



The continuum limit exists only if these divergences are subtracted
non-perturbatively. At any order in gg:

2n

g 1

20~ »o0 as a— 0
a In(a)"a

We devised a completely non-perturbative setup for lattice HQET.

Non (directly) EFT based approaches

e HISQ [HPacp 2011]: at lattice spacings of a & 0.05 fm and L/a ~ 100 as
currently produced by MILC, amp = 1 so one can simulate directly at m,/2 and
then extrapolate to the b (using HQET).

Getting there but autocorrelations seem a severe problem ...
[R. Sommer, 2010]

IIII|IIII|IIII|IIII|II_,.-"I
= r -

e Interpolation method [Guazzini, Sommer, Tantalo
2006, ..]: using data around the charm and

N / 13
results in the static limit + fits in powers of 11 s=1 / 1 &
1/mp. . s 1
In both methods matching factors from PT {05 [ / E E
are used to define obervables with the proper ' - AR
scaling (removing In(my)). - J;"’/ ] . ?

1 &

_IlllllIlIlJIJI]IJIJlJJ-J_

0 0.1 0.2 0.3 0.4 0.5
[Chetyrkin and Grozin 2003, Broadhurst and Grozin '91, '95, Bekavac et al. 2010]



Those factors mostly drop out in the Ratio Method [eTm 2010 _):

P(Ame) P(A°m¢)
P(m:) P(Am¢)

P(mp) = P(mc)

The ratios have static limit=1.

1.004 . : . : : ;

1.002 | i
1000 | '
I5% [ :
= 0.098 L ; i

[ ™~ & ]
0.996 [ ¥
i — 1
(0.994 L 'H.b. AT T BRI BV TSI SR i S
00 01 02 03 04 05 06 07 08
1/m, (GeV—1) [Bussone et al., 2014]

e At the masses explored the 1/m? corrections seem to be as big as 1/my,.

Talks by: P. Dimopoulos, A. Melis



Ne=2+1+1

Nf =241

=2

N¢

mp, (M)
FTAG2016 b \""'b
I I |
lH our estimate for Ny =2 +1 +1
HilH HPQCD 15ica
. =1 ETM 14cha
i HPQCD l4aca
L our estimate for N; =2 +1
HL HPQCD 13mla
S HPQCD 10
L our estimate for N; =2
— i ETM 13zta
' i ALPHA 13xba
l [ ] ETM 11
> - PDG
| | |
4.1 4.3 4.7 GeV
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N =24+1+1

Ne=2+1

=2

Ny

1.20

FTAG2016

our estimate for Nf=2+1+1

HPQCD 1l14aca
ETM 14sha
ETM l4dcwa

our estimate for Ny =2 +1

JLQCD 15hrn
yQCD 14sea

HPQCD 10
HPQCD 08B

our estimate for N; =2

ALPHA 13o0aa
ETM 11F
ETM 10B

PDG

1.25 1.30 1.35 1.40

GeV

PRELIMINARY
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10

QED effects are becoming relevant for light quantities.

QCD + QED direct simulations [Borsanyi et al., BMW group, 2014]
AX — experiment A
- —— = ¢ QCD+QED -
) prediction | | ¢
- &
‘ 0 Bl
AN R _g?
‘ ()| o
B ——
0 1 5
u/aphys

e Large volume 1+1+1+1 simulations of QCD + QED (at unphysical e
due to noise to signal problem). 300 times more expensive than
N=2 QCD. Pilot and benchmark computation concerning the setup.

. Separation of effects using AM *=0 32



QED corrections to hadronic processes

Let's consider the leptonic decay at O(a) in the WEH [n. carrasco et al., 1502.00257,
Pure QCD

factorizable. Hadronic part — fp. Then g at O(«)

“ o+
(3 {—|—
T
T +
> g p »

Still factorizable. NON factorizable.

Also, Iy is infrared divergent, one needs to consider (one) real photon

F.Bloch, A.Nordsieck Phys.Rev. 52 (1937)

emission as well. No such problems for spectrum.  1pie wNauesbers PhysRer. 133 (1964)
= Not much sense of QED corrections to a decay constant ...



M(AE) with AE = Emax

The combination g + 1 (AE) is free from IR divergencies at O(a). One
can split it as

|attice continuum pt for A< Mp
& & % F %
t t : t [ Pt , .
ra)={ro-rg'} + {5 +ri(a)} = Lhmx{rﬂ(m-r&’ L} + (4]

e pt=pointlike approximation (perturbative). OK for soft photons, they
can't resolve the hadron structure. For K and m, AE ~ 20 MeV.
Currently main limitation of the approach.

e Both terms are IR-safe and have a L — oo limit.

e [o(L) is computed on the lattice. It requires rather involved Euclidean

correlators, with lepton propagators in the numerical computation of 34

the non-factorizable contributions.



Hadronic decays. Ay amplitude of K — 7w

Z.Bai, T. Blum, P. A. Boyle, N. H. Christ, J. Frison, N. Garron, T. Izubuchi and C. Jung
et al., arXiv:1505.07863 [hep-lat].
N. Ishizuka, K.-I. Ishikawa, A. Ukawa and T. Yoshi, arXiv:1505.05280 [hep-lat].

K — (’?T’?T);ZQ R.e(Ag)
K — (’FT’?T);:U Re(Ag)

~ 22.5

This Al = 1/2 rule is unexplained and must be of non-perturbative nature.

Azjo = F((m7m)1=2/0 | Hw | K)

@ 3 (four-fermion) operators in the Weak Eff. Hamiltonian contribute.

@ F is a factor relating the finite volume matrix elements to the infinite
volume ones. It depends on the 7w phase shift [Leliouch and Liischer, 01]

@ Kinematics should be matched, i.e. E.. = myg. That is achieved
using antiperiodic boundary conditions for the d, s.t. p = +7/L....

35



643 K— 77 3-point correlation functions

Kaon - 2 pion separation 26

Tadeusz Janowski
C;_Kﬁ‘rrrw(t) — N, Nk Mf_e—(m}{_EﬂW)fope_Eﬂﬂtwﬂ

Ly SRERRRNRRRRREC S

1.7 _

. F
S
wHHHHHNH{ :

1.2

Correlation function (scaled) x10

» 2 ensembles of 2+1 DW fermions I\O/pvith L~5 fm and physical m .

» NP renormalization in RI-SMOM scheme. Matching to MS at 1-loop.
Currently dominating error budget. (Wilson coeffs. at NLO)

Re(Ay) = 1.50(4)at(14) gt X 107° GeV;  Im(Ay) = —6.99(20) 10t (84)gyst X 1071 GeV

experimental value 1.570(53) x 107® GeV from neutral kaon decays 36



Hadronic decays. Multiple-channel generalization of the LL

approach

@ The LL method, derived in Minkowski pace, first relates the finite volume
dependence of the energy levels of two-particle states (accessible in
Euclidean) to the (oco-L) S-matrix and phase shifts (not accessible, due to

Maiani-Testa no-go theorem, '90).

@ In a second step a new state (e.g. K) is introduced with a perturbative
interaction term Hy, with w7w. Matching the kinematic and considering
degenerate P T, the finite L correction to the energy levels is related to the
oo-L scattering amplitude (i.e. the finite and oo L, matrix elements of

(K|Hy |mm) are related).

@ The explicit generalization includes several two-particle states (77 and I'_(K).

@ Now the S-matrix does not only include phase shifts and different kinematics
are needed to determine the parameters. Also, one gets a system of
equations relating finite and infinite volumes matrix elements.

@ This is a first step towards hadronic decays of e.g. D-mesons.



Conclusions

| have given an incomplete review of (mostly) flavor
physics on the lattice. Review of FLAG review ...

* Higgs less of a portal to New Physics than hoped.
To establish that precise results in the b-sector are
needed.

e |If the keywords are precise and rare, we are getting
there. Approaches to include sub-leading systematics
being developed (QED, multi-hadron channels).
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