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Thanks to better methods (algorithms, formalism/theoretical understanding)
and significant increases in computational resources we now have a
growing number of results for

‘\ 1:"
T \'-‘(
: -j = v simple quantities with unprecedented precision

w new quantities (two hadron systems, resonances, ...) with control over
systematic errors
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~ Thanks to better methods (algorithms, formalism/theoretical understanding)
and significant increases in computational resources we now have a
growing number of results for

w simple quantities with unprecedented precision

4 w new quantities (two hadron systems, resonances, ...) with control over
systematic errors
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Outline

@ Motivation and introduction
@ Simple quantities with single, (almost) stable hadrons
w low-lying QCD spectrum
w weak decays (leptonic, semileptonic, mixing)
—> CKM, BSM phenomenology
v high precision = including QED
@ Beyond simple quantities

w K — mm amplitudes and Amg

W resonances, ...

@ Conclusions & Outlook

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Why Lattice QCD?

generic weak process involving hadrons:

(experiment) = (known) x (CKM elements) x (had. matrix element)

1) 1)

Amg(s) Lattice QCD
dI'(B—mlv) dI'(D—K/{lv)
dq? ) dq? oo parameterize the ME in
(%) terms of form factors,
dl (B(S)%D(s%’/) decay constants, bag
dw ’ parameters, ...
U'kes, U'kea, ...

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Why Lattice QCD?
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Laiho, Lunghi & Van de Water (Phys.Rev.D&81:034503,2010), E. Lunghi, private comm.
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The (red, yellow, green and blue) error bands are (still) dominated by theory
errors, in particular by errors on hadronic matrix elements calculated in LQCD.
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Why Lattice QCD?

Laiho, Lunghi & Van de Water (Phys.Rev.D&81:034503,2010), E. Lunghi, private comm.
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The (red, yellow, green and blue) error bands are (still) dominated by theory
errors, in particular by errors on hadronic matrix elements calculated in LQCD.
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Introduction to Lattice QCD

- - : - ‘ 1 5]
(0) ~ [ DYDIDAO, ¥, 4) e S= [ da |[§(p+mp + J(FL)

use monte carlo methods (importance sampling) to evaluate the integral.

Note: Integrating over the fermion fields leaves det(? +m) in the integrand. The
correlation functions, 0, are then written in terms of (/D+m)! and gluon fields.

steps of a lattice QCD calculation:
1. generate gluon field configurations according to det(lD+m) e

2. calculate quark propagators, (D+m,)!, for each valence quark flavor and source
point

3. tie together quark propagators into hadronic correlation functions (usually 2 or 3-
pt functions)

4. statistical analysis to extract hadron masses, energies, hadronic matrix elements,
.... from correlation functions

5. Systematic error analysis

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 8
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systematic error analysis

...of lattice spacing, chiral, and finite volume effects is based on EFT
(Effective Field Theory) descriptions of QCD = ab initio

The EFT description:
@ provides functional form for extrapolation (or interpolation)
@ can be used to build improved lattice actions/methods
@ can be used to anticipate the size of systematic effects

To control and reliably estimate the systematic errors

@ repeat the calculation on several lattice spacings, spatial
volumes, light quark masses

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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systematic error analysis

...of lattice spacing, chiral, and finite volume effects is based on EFT
(Effective Field Theory) descriptions of QCD => ab initio

The EFT description:
@ provides functional form for extrapolation (or interpolation)
@ can be used to build improved lattice actions/methods
@ can be used to anticipate the size of systematic effects

To control and reliably estimate the systematic errors
@ repeat the calculation on several lattice spacings, spatial
volumes, light quark masses

see the backup slides for more details on:

4+ EFT description of discretization effects

4+ strategies for heavy quark methods

4+ light quark mass effects, a.k.a chiral extrapolation
4+ finite volume effects

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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systematic error analysis

For example, set of ensembles by MILC collaboration
Or——7—— 711 T 1 T T " T " T T ]

- MILC nf: 2"‘1"‘1 © complete
in progress

400 = @ planned —
-~
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— @)
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0 ] | ] | ] | ] | ] | ] | ] | ] | ]
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.1¢

a (fm

Five collaborations have now generated sets of ensembles that include sea
quarks with physical light-quark masses:

PACS-CS, BMW, MILC, RBC/UKQCD, ETM

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Strategy

* Lattice QCD action has the same free parameters as continuum QCD:
quark masses and q,

» use experimentally measured hadron masses as input, for example:
n, K, D,, B, mesons for u, d, s, ¢, b quark masses

* need an experimental input to determine the lattice spacing (a) in GeV:-
2S-1S splitting in Y system, £, Q, Z mass, ...
this also determines a,

* lattice QCD calculations of all other quantities should agree with
experiment ...

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 12
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Simple quantities in LQCD

Stable (or almost stable) hadrons, masses and amplitudes with no more
than one initial (final) state hadron, for example:

. n, K, D, D, B, B, mesons

masses, decay constants, weak matrix elements for mixing,
semileptonic and rare decay form factors

- charmonium and bottomonium (v, JAp, k, ..., 1, Y(1S), Y(2S), ..)

states below open D/B threshold
masses, leptonic widths, electromagnetic matrix elements

This list includes low-lying hadron spectrum and most of the important
quantities for CKM physics.

Excluded are p, K* mesons and other resonances.

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Simple quantities in LQCD

Focus on results with complete error budgets and reliable
systematic error estimates.

w low-lying hadron spectrum

/\

/\

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Low-lying hadron spectrum

A. Kronfeld (Annu. Rev. Part. & Nucl. Sci, arXiv:1203.1204, updated)

006 Y>sf>s B

C C

2500 — T T
B -
2000 |- — ou —~
S B mesons offset by —4000 MeV
i %o
1500 G e —
R = Y
2 | -
1000 |- 3 e —
Lk
500 |- oot = =
-
0 N A R NN NN (NN (N S SR N | |
T p K g M oy © ¢ N A I E A s = Q
w...C2: BMW, MILC, PACS-CS, M-’ , , Hadron Spectrum (w);

D, B: Fermilab, HPQCD, Mohler-Woloshyn
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Low-lying hadron spectrum

A. Kronfeld (Annu. Rev. Part. & Nucl. Sci, arXiv:1203.1204, updated)

0P 3B PSP Bi/ LQCD prediction
|

el I B N B T T T T ]
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m...C2: BMW, MILC, PACS-CS, QCDSF; n-n'": RBC, , Hadron Spectrum (w);

D, B: Fermilab, HPQCD, Mohler-Woloshyn
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Simple quantities in LQCD

Focus on results with complete error budgets and reliable
systematic error estimates.

w weak decays - leptonic, semileptonic, mixing
4 Kaons
4+ D mesons
4 B mesons

- CKM, BSM phenomenology

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Leptonic K, D, B decays

5 ph
. T+ 4+ %%
u v,

'Kt — putv,) = (known) X X frs

@ use experiment + LQCD input for determination of CKM element
@ same for B (|V.us|) and D) (| Veas)|) mesons

Q@ ratios for example fi+ / fr+ : statistical and systematic errors tend to
cancel.

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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semileptonic K, D, B decays

example: K9 s x=¢*y,

phase .

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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SM:

A. El-Khadra

Neutral K, B mixing

Standard Model

AM, = (known) W BO|(’)1|BO>

also:
AM, — B with é‘ — sV BBs
AM MmpBd - fBy\/BB

AT, = G1 (Bo|O1|B)) + G Boyo?,\BO cos¢q+0(1/mb)

ex = (known) X By ke X |Vip|? ><Vcb,m)

Beauty 2014, Edinburgh, 16 July 2014

b d
» BY RBO
O;
d b
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Simple LQCD quantities for CKM elements

A. El-Khadra

ﬁ/ud

TV

Vcd

D = by
D —fy

(pym) K"

\

_/

Vus Vub
g:’”’" B =z v, B, —K ¢v
HY Ap —=p v
Vcs Vcb
D —K ¢v B) = D), D) €v
D¢ =Py
I/t‘s th
BY — BY
_K°

Beauty 2014, Edinburgh, 16 July 2014
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A. El-Khadra

Simple quantities in LQCD

/\

YW
w weak decays - leptonic, semileptonic, mixing
4 Kaons

/\

Beauty 2014, Edinburgh, 16 July 2014
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Kaon summary
S. Aoki et al (FLAG-2 review, arXiv:1310.8555)

FTAG2013 fi /T i
— ‘ ‘ — FTAG2013 f.,.(O)
+ our estimate for Ne=2+1+1 + T ‘
- - ETM 13F o~
+ HPOCD 13A h HCH FNAL/MILC 13C
N HoH MILC 13A o
Il MILC 11 (stat. err. only) Z our estimate for Ny =2+1
Z"- ETM 10E (stat. err. only)
- — RBC/UKQCD 13
our estimate for Nr=2+1 + L ENAL/MILC 12
— RBC/UKQCD 12 N
Laiho 11 Il JLQcb 12
MILC 10 o JLQCD 11
—{— JLQCD/TWQCD 10 P RBC/UKQCD 10
‘_|—_ o RBC/UKQCD 10A RBC/UKQCD 07
N HHlHH Bl\é\(/:v 10 QCD 09A { i)
LQCD/TWQCD 09A (stat. err. on i —
g_ o JMILC YON y —— our estimate for Ny =2
—{ MILC 09
——{ — Aubin 08 ~ ETM 10D (stat. err. only)
—{ = PACS-CS 08, 08A I —— ETM 09A
{} : : EES/&J&/%&BCOS 07 f QCDSF 07 (stat. err. only)
H—{— NPLQCD 06 = RBC 06
—{ MILC 04 {1 JLQCD 05
- {1 JLQCD 05
« il our estimate for Ny =2
I s S ; ALPHA 13 3 — Kastner 08
= ETM (1)(9)D (stat. err. only) = —e— Cirigliano 05
HEH ETM —e—— :
| | C— : | QCDSF/UKQCD 07 8 . Ejmn;“ng‘:)_j
(-
1.14 1.18 1.22 1.26 S —e— Leutwyler 84
C 1 1 1 1
— f f 0.94 0.96 0.98 1.00
+ FCAG2013 n K ~
+ HPQCD 13A n FLAG2013 BK
<ﬁl ETM 10E H_H ‘ ‘
vl HEH our estimate for Ny =2+1 i our estimate for Ne=2+1
— RBC/UKQCD 12A =
- Laiho 11 [ i SWME 13
HilH MILC 10
MILC 10 T RBC/UKQCD 12
- —{ JLQCD/TWQCD 10 HH — .
+ -+ RBC/UKQCD 10A  H{H + — Laiho 11
0} | PACS-CS 09 1 N — 00—t
9 JLQCD/TWQCD 09A — h SWME 11A
“ —{ MILC 09A ] = Hl- BMW 11
d MILC 09A L
ﬁ MILC 09 : L RBC/UKQCD 10B
MILC 09 ‘ = ‘
- Aubin 08 ‘ T ‘ SWME 10
——{— PACS-CS 08,08A —{H— Aubin 09
+— ! RBC/UKQCD 08
HPQCD/UKQCD 07 1 RBC/UKQCD 07A, 08
— MILC 04
~ our estimate for Ny=2 HlH ‘ L ‘ our estimate for N; =2
Il H{ TWQCD 11 «
& ETM 09 - ; ;
z — s JLQCD/TWQCD 08A 5 = ETM 10A
* H H : LQCD 08
() PDG Y Z JLQ
1 1 | | | | ’_D_" RBC 04
120 130 140 145 155 165 MeV ‘ ‘ ‘ ‘ ‘
0.65 0.70 0.75 0.80 0.85
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Kaon summary

For all quantities there are results that use physical mass ensembles

errors (in %) comparison: FLAG-2 averages vs. new results

frer ] frr W

fK I o
e Preliminary

fr ] o
e preliminary

_|_
I

5 -]

Bg

| ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ]

0 0.5 1 1.5
error in %
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Kaon summary

For all quantities there are results that use physical mass ensembles

errors (in %) comparison: FLAG-2 averages vs. new results

fK+/f7r+ [ 1 FNAL/MILC (arXiv:1407.3772) also: RBC/UKQCD (Lattice 2014)
e € ETM (Lattice 2014)
fK L ]

——_Preliminary
RBC/UKQCD (Lattice 2014) also: BMW 13, HPQCD 13

fr ———
preliminary

FNAL/MILC 13 (arXiv:1312.1228, PRL 2014)

BK e RBC/UKQCD, SWME, ETM, ALPHA: new preliminary results at
Lattice 2014
| | |
- 0 — IO 5| — 1 — results for all 5 bag parameters (including BSM)

error in %

review by N. Garron @ Lattice 2014

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Kaon summary

For all quantities there are results that use physical mass ensembles

errors (in %) comparison: FLAG-2 averages vs. new results

small errors due to

Froi ) f, T— FNAL/MILC (arX T
— + physical light quark masses
fK ] + improved light-quark actions

qpreliminaw | |
RBC/UKQCD (L: ¥ NPR or no renormalization

fr —— + ensembles with small lattice
preliminary

spacings

+ - FNALMILC 13 ¢+ stat. error dominates £.(0)
T — S
B e RBC/UKQCD, SWME, ETM, ALPHA: new preliminary results at
Lattice 2014
—— b b L results for all 5 bag parameters (including BSM)
0) 0.5 1
error in %
review by N. Garron @ Lattice 2014 see back up slides for more details
[ — —
A. ElI-Khadra Beauty 2014, Edinburgh, 16 July 2014
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A. El-Khadra

Simple quantities in LQCD

/\

DG

w weak decays - leptonic, semileptonic, mixing

4 D mesons

/\

Beauty 2014, Edinburgh, 16 July 2014
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LQCD Achievements: fps time history

A. Kronfeld (Annu. Rev. Part. & Nucl. Sci, arXiv:1203.1204)

350 | | | | | | | | | | | | | | | | | | | | |__ 4
- Sy, MeV) o

i - — —13
! O :

300 i~ - 15
Experiment + T T .

CKM unitarity

250

200 | ] | ] | ] | ] | ] | ] | ] | ] | ] | ] |_ —2
0 1 2 3 4 5 6 7 8 9 10

t [years since hep-1at/0506030]
year

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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LQCD Achievements: Predictions

D — Klv
— lattice QCD [Fermilab/MILC, hep-ph/0408306]

experiment [Belle, hep-ex/0510003]
experiment [BaBar, 0704.0020 [hep-ex]]
experiment [CLEO-c, 0712.0998 [hep-ex]]
experiment [CLEO-c, 0810.3878 [hep-ex]]I

f(q)
2

D — zmlv

lattice QCD [Fermilab/MILC, hep-ph/0408306]
experiment [Belle, hep-ex/0510003]

experiment [CLEO-¢, 0712.0998 [hep-ex]]
experiment [CLEO-c, 0810.3878 [hep-ex]]

N B
~
I I I | I I

<> |

5_IIII|IIII|IIII|IIII|IIII|IIII

2, 2
q 'mpx

0.1 0.15 0.2 0.25 0.3

0.35

0.4 0.45 0

(Phys. Rev. Lett. 94:01 1601, 2005)

*Normalization agrees with experiment plus CKM unitarity

*Prediction of the shape

also: B. mass prediction (HPQCD+FNAL PRL 2005, hep-lat/0411027)

2.5 1 1 1 1 | 1 1 I
2 I
i *
| [ ]
- A
1.5 v
N i
3; i
AN i
l -
0.5
0_ | | | | | | |
0 0.05
A. El-Khadra

Beauty 2014, Edinburgh, 16 July 2014
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D meson summary
S. Aoki et al (FLAG-2 review, arXiv:1310.8555)

f {5}
FTAG2013 D s
‘——'_ T T T T T T T m62013 st/fD
‘_T_ —{ ETM 13F —{ +
~ O FNAL/MILC 13 0 T —r ETM 13F
i oy FNAL/MILC 128 - o o FNAL/MILC 13
z = H—{ FNAL/MILC 12B
HEH our average for Ny =2+1 f
for Ny =2 +1
_ s HPOCD 12A - our average for Ny =2+
ct | FNAL/MILC 11 - i . HPQCD 12A
I {1+ PACS-CS 11 -+ <ﬁl — - FNAL/MILC 11
pd H H HPQCD 10A [ = — — PACS-CS 11
H_H HPQCD/UKQCD 07 h - HPQCD/UKQCD 07
o FNAL/MILC 05 o O - FNAL/MILC 05
o — our average for N¢=2 I our average for Ny =2
I - ETM 13B o~
Z — ETM 11A él* S Em ﬁi
—H— ETM 09 ’ =
I ! I I I I I ——{1F— ETM 09
180 200 220 240 230 250 270 MeV 1 1 . 1
1.10 1.15 1.20 1.25
Dn DK
FTAG2013 f+ (O) f+ (O)
i —— our average for N;=2+1 |1
N
Il
4
=+ HPQCD 11/10B .
. . FNAL/MILC 04 .
N
= ETM 11B
055 065  0.75 0.65 0.70 0.75 0.80
A. El-Khadra
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D meson summary

errors (in %) comparison: FLAG-2 averages vs. new results

fo./for

- FNAL/MILC (arXiv:1407.3772 & Lattice 2014)
fD I also at Lattice 2014: new results by RBC/UKQCD, TWQCD, ETM
fD+
DK(O)
™ ‘>‘work in progress by FNAL/MILC (Lattice 2014), ETM, HPQCD, ...
D
7 (0)
Ei -« e First results for D mixing bag parameters
D (all five) with local operators only by ETM
' TN ST N A NN N AT SIS N N N S EN N A (2013,2014)nf=2,2+1+1
0 1 2 3 4
error in % e work in progress: FNAL/MILC (Lattice 2014)

review by C. Bouchard @ Lattice 2014

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 31
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D meson summary

errors (in %) comparison: FLAG-2 averages vs. new results

fo./fp+

/D,

fp+
FE)
£7(0)

i
BD

]
_(;

small errors due to

FNAL/MILC (ar + physical light quark masses
also at Lattic

+ improved charm-quark action (HISQ)
+ PCAC (no renormalization)
+ ensembles with small lattice spacings

‘>‘work in progress by FNAL/MILC (Lattice 2014), ETM, HPQCD, ...

v b b o by (2013, 2014) np=2,2+1+1

-« e First results for D mixing bag parameters
(all five) with local operators only by ETM

0 1

error in % e work in progress: FNAL/MILC (Lattice 2014)

2 3 4

review by C. Bouchard @ Lattice 2014

A. El-Khadra

see back up slides for more details

I — e
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Neutral D-meson mixing

N. Carrasco
@ ICHEP 2014

First unquenched LQCD calculation by ETM in 2013

short-distance operators only

@ ETMC: OS/MTM Mixed action

N¢ = 2, (N. Carrasco et al. arxiv 1403.7302, To be published in Phys. Rev. D)
Ne=2+1+1 (N. Carrasco et al. PoS LATTICE2013 393, arxiv 1310:5461)

ETMC ——
Nf=2+1+1

ETMC A
Nf=2

060 065  0.70
By

ETMC : 2 4
Nf=2+1+1
ETMC —A—
Nf=2

0.70  0.75

By

ETMC ——
Nf=2+1+1
ETMC : A
Nf=2

ETMC +—my——

By

A. El-Khadra

085 090 095 1.00

Nf=2+1+1
ETMC — A
Nf=2

090  1.00  1.10

Bs

Beauty 2014, Edinburgh, 16 July 2014

ETMC : v
Nf=2+1+1
ETMC } A
Nf=2
090 095 1.00 1.05
B3

3-5% precision
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A. El-Khadra

Simple quantities in LQCD

/\

DG

w weak decays - leptonic, semileptonic, mixing

4 B mesons

/\

Beauty 2014, Edinburgh, 16 July 2014
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B meson summary

S. Aoki et al (FLAG-2 review, arXiv:1310.8555)

fB /fB f fB
FTAG201 B
— FLAG2013 — T e T FAG2013 5 Bs,/Bg,
i_ our average for Ne=2+1+1 — i our average for Ne=2+1+1 -
+ +
o~ ETM 13E ‘ﬁ' W~ ETM13E H-—
g_ HPQCD 13 > i HPQCD 13 - —m— our average »
~ our average for Ne=2+1
our average for N, =2+1 ‘-T-
N Lk RBC/UKQCD 13A (stat. err. only)
i —— RBC/UKQCD 13A (stat. err. only) i,' @l HPQcD 12 a 9 —m—  FNAL/MILC 12 =
~ P HPQCD 12 I - HPQCD 12 / 11A W =
'.,'_ FNAL/MILC 11 pd —im— FNAL/MILC 11 —_f RBC/UKQCD 10C
z 0 ; RBC/UKQCD 10C —H—  HPQCD 09 -
H_%]_H HPQCD 09 HH HPQCD 09 —{—
our average for N¢ =2 -
- our average for Ny =2 — ALPHA 13 —H —
~ ETM 13B, 13C I
~ O} ALPHA 13 Il ALPHA 12A —
I - ETM 13B, 13C = ETM 12B al ~ HOH ETM 13B W
4 _ ALPHA 12A T+ ALPHA 11 It
: 0 | ETM 12B ETM 11A —{ H— z —{— ETM 12A,12B HH
| 7} ; ETM 11A H ETM 09D
1.10 1.15 1.20 1.25 150 175 200 225 MeV 210 230 250 MeV 1‘.1 1‘.2 1‘.3 1‘,4 0‘,9 1‘.0 1‘.1 1‘.2
P2l (1
FIRG2013 (1 s FAG2013
T T T . T ‘
0.7+ T -
™ our average for Ny =2+1
-~
NS 0.6
“
T - FNAL/MILC 13B o R0S5
N £
[ o
Z 5
(] FNAL/MILC 10 =~ 04
B FNAL/MILC 08 03 | ® FNAL/MILC 08A —
®m HPQCD 06
- |— 3-parameter BCL fit b
‘ ‘ ‘ ‘ 02 \ \ \ \ \ "
0.875 0.900 0.925 0.950 02 0.1 20 0.1 0.2
xq.t,,)
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B meson summary

errors (in %) comparison: FLAG-2 averages vs. new results

fB./fp  we—

st E—
fB —

R(D) R
ff—m (7)
5 o
| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | |
0 2 4 6 8
error in %

review by C. Bouchard @ Lattice 2014

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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B meson summary

errors (in %) comparison: FLAG-2 averages vs. new results

4 )
fe./fp| we— _
o — HPQCD 13 (arXiv:1302.2644, PRL 2013):
* np=2+1+1
fBS L 4+ physical pion mass
4+ renormalization: 1-loop PT (dominates error budget for fz, fas)
f B 1 + /5:/f5: renormalization, discretization errors cancel:
\* ] — small error due to physical mass ensembles
FB—=D” (1) — ongoing work @ Lattice 2014:

RBC/UKQCD (2 separate projects), ETM, FNAL/MILC, ALPHA, ...

First results for fz+/fz by ETM/Orsay group:

R(D) — see A. Oyanguren talk (ICHEP, Flavor physics session, Saturday)
fB_”T( 2) -]
+ q
5 - ]
|IIII|IIII|IIII|IIII|I
0 2 4 6 8
error in %

see backup slides for more details

S — O

review by C. Bouchard @ Lattice 2014

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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i B meson summary

| review by C. Bouchard @ Lattice 2014

reviewed by FLAG-2 (arXiv:1310.8555)
new (since LAT’13):

Ny=2+1+1

+

RBC/UKQCD (arXiv:1406.6192):
uses static limit action for b quark, focus on SU(3) ratios
\ 2 lattice spacings, min. m,~ 289 MeV
\ combined chiral continuum extrapolation, no 1/m correction
RBC/UKQCD (arXiv:1404.4670):
uses RHQ action at physical b-quark mass,

2 lattice spacings, min. m,;~ 289 MeV
combined chiral-continuum extrapolation

Ny=2+1

;

ALPHA (arXiv:1404.3590):
HQET action, NP 1/m improved

——
\ 3 lattice spacings, min. n;~ 190 MeV
\ combined chiral-continuum extrapolation
ETM (arXiv:1308.1851, JHEP 2014):
~ twisted mass Wilson, ratio method to extrapolate to b-quark

I 4 |attice spacings, min. m,;~ 280 MeV
combined chiral-continuum extrapolation

S

<

] ] ] ]
200 218 236 254 272 290

(MeV]

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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B meson summary

errors (in %) comparison: FLAG-2 averages vs. new results

fp./fp  w—
_— (_

IB. —

fB e FNAL/MILC 2014: small errors due to ratios (error cancellation), small lattice spacings
B D)

JE (1) FNAL/MILC (Lattice 2013) also: results for B, D, by Orsay group
GB=D (1) 4~ |ongoing work @ Lattice 2014 by HPQCD, SWME, ...

relimina
R(D) ) S
B—mw 2
f+ (C] )

0 2 4 6 8
error in %

review by C. Bouchard @ Lattice 2014

see backup slides for more details

— e ——

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Form factors for B — D™ ¢y & V.,

dI’(B:wD*EV) _ (known) ><>< (w2 . 1)1/2|]:(w)‘2
dF(BCZDEv) _ (known) ><>< (wQ . 1)3/2|Q(w)|2

at zero recoil (HFAG 2011):

B — D*lv :
B — D/iv

Vcb
Vcb

F(1) = (35.90 -
G(1) = (42.6 +

= 0.45) x 1073
1.5) x 1073

= need form-factors at non-zero recoil for V., determination from B — D/{v

Note: the experimental average doesn’t include Coulomb correction
(~1%) for the neutral meson decay

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Form factors for B — D™y & Vo

FP () 0
FNAL/MILC:

1.4% =—p——|{€=— FNALMILC 2014 —O— small errors due to
_ + use of ratios
(il_ i FNAL/MILC 10 + 201 3:
él“ "+ FNAL/MILC 08 5 a’s, 12 ensembles

1.8% = our average for Ne=2+1 + new results by Orsay group

> [ using ETM ratio method
J roui 13 + work in progress:
| HPQCD (NRQCD-HISQ)
= Bailey (OK action)
0.85 090 0.95 1.00 1.05 1.10

Also recent work on By, = D form factors

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 41
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Form factors for By — D) fv & Ve

review by C. Bouchard
@ Lattice 2014 B(s) = D(s)tv

HPQCD

NRQCD b with HISQ light valence
a: 0.09, 0.12 fm
Mpi: 260 — 500 MeV

calculating:
- shape of form factors for all g2
- ratio of branching fractions: R(D), R(Ds)

— — BstoDsuv
— BstoDstvVv

ot
o0

continuum and chrial point

e
=

dr/dq’ / 1V 10"

e
)

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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B meson summary

errors (in %) comparison: FLAG-2 averages vs. new results

fB./fp  we—

st I
fB I

.FB_>D*(1) R

( ) S— HPQCD: first results for B — K¢/ (2013) and B, — K /v (2014)

ongoing work @ Lattice 2014:
(B_”T ) \4 HPQCD, FNAL/MILC, RBC/UKQCD, ...

also for B — w0/

also for /1, decay (talk by A. Barucha @ Beauty 2014)

0 2 4 6 8
error in %
review by C. Bouchard @ Lattice 2014 see backup slides for more details
T — —
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Semileptonic B-meson decay to light hadrons

Example: B — 71ly

dr(lz;”g”) = (known) X | i (q2)‘

* shape for semileptonic B decays:
use z-expansion for model-independent parameterization of g> dependence

* calculate all form factors, f1(¢%), fo(¢?)(and fr(q”) for the corresponding rare
decay)

* LQCD predictions of B, — K /v form factors exist (HPQCD) and more are in
progress (FNAL/MILC, RBC/UKQCD)

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014

44

Wednesday, July 16, 14



Form factor

for B — mlv & Vi

0.8

0.7

o
=)

o
n

<
~

0.3

0.2

0.8

0.7

o
o)

o
n

<
~

0.3

0.2

S. Aoki et al (FLAG-2 review,
arXiv:1310.8555)
"
o
08@6;013' . , , , | Ng
L - S
071 - i N
e 0.6
o
=05
S
U
~ 04
03 | ® FNALMILC 08A |
m HPQCD 06 N
- | — 3-parameter BCL fit . N
0.2 — Dz o1 2(|) o1 02 f
2q,.1,,) Ngm
U
A. El-Khadra Beauty 2014, Edinbu.y.,

FCAG2013
' |

® FNAL/MILC 08A
m HPQCD 06

* Babar

— 3-parameter BCL fit

[ [
-0.2 -0.1

FCAG2013
' |

® FNAL/MILC 08A
m HPQCD 06

* Belle

— 3-parameter BCL fit

[ . [
-0.2 -0.1

1\ UUI] m\J 1T
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Form factor for B — wflv & V,

review by C. Bouchard
@ Lattice 2014

A. El-Khadra

RBC-UKQCD

2+1 flavor DW + lwasaki gauge fields

DW light and non-pert tuned RHQ b valence o . th
a: 0.08,0.11 fm Taichi Kawanai; 27" Q 16:50; sess. 6

Mpi: 289 —422 MeV

combined chiral/continuum extrapolation with SU(2) Hard Pion ChPT
kinematic extrapolation via z-expansion

/d.0of. =1.05, p-value = 39%

simultaneous BGL z-fit
lattice data f

lattice data f,,

BABAR combined B — mtlv
BELLE B — n'lv

BELLE B’ — xt'lv

Preliminary
10”3 Vub = 3.60(35)

Beauty 2014, Edinburgh, 16 July 2014
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Form factor for B — wflv & V3

review by C. Bouchard
@ Lattice 2014

HPQCD

MILC 2+1 asqtad sea with NRQCD b and HISQ light valence
a:0.09,0.12 fm
Mpi: 190 — 400 MeV

I I I
| mod z

Cl —+

C2 —>& fB—>7t
—k— *

C3 o @

F1 —8B—
F2 —o— -3

- % % PRELIMINARY
® I

B -
f0—>75 )Ke }‘E‘ %

- =
e O v
|

| | | | | | |
18 19 20 21 22 23 24 25 26

q2 [GeV?]

adding statistics

exploring possibility of using Hard Pion ChPT + modified z-expansion to extend range of g2
and improve overlap with experiment

- p = 2pi/L (000, 001, 011, 111, 002, 003, 004)

- would give g2 range: ~6 —26 GeV/2

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Form factor for B — wlyv & Vi

D. Du (FNAL/MILC) @ Lattice 2014

1 |

0.8 -

0.6 -
L.
|
IWZ

(1-g°/MB*2)f, (2)

I I I I
FNAL/MILC 2014 z expansion

BaBar untagged 6 bins (2010) —t
Belle untagged 13 bins (2011)
BaBar untagged 12 bins (2012)
Belle tagged B 13 bins (2013)
Belle tagged B™ 7 bins (2013)
lat. + expt. combined fit

% %%%?@E@% |

0.2 |
PRELIMINARY
0 | | | | |
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Z
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014

e blind analysis

e Ny=2+1 (Asqtad)
4 g’s, 12 ensembles
* min. my ~ 174 MeV
e Fermilab b quarks

* new functional method for
z-expansion fit after chiral
extrapolation.

e complete systematic error
budget

= error on |Vl ~4.1%
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Form factors for B, — K/v & V,,;

A. El-Khadra

review by C. Bouchard
@ Lattice 2014

HPQCD Bouchard et al. (HPQCD), 1406.2279
MILC Nf=2+1 asqtad ensembles

NRQCD b with HISQ light/strange

Mpi: 260 — 500 MeV

35 m | |

25

1.5

0.5 gt

0 4 8 12 16 20
g [GeV?]

simultaneous chiral, continuum, and kinematic

extrapolation via “HPChPT z-expansion”

B, — K/lv

First unquenched LQCD
calculation by HPQCD in 2014

no exp. measurement yet

2.5 T T T T T

inclusive |V, ;|

10° dB/ dg” ( B, — Kuv) [GeV™]

exclusive |V ;|

0 | | |
0 4 8 12 16 20 24

q2 [GeV?]

measurement at large g2 with comparable
error could distinguish between inclusive and
exclusive Vub

Beauty 2014, Edinburgh, 16 July 2014
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Form factors for B, — K/v & V,,;

review by C. Bouchard
@ Lattice 2014

RBC-UKQCD
Taichi Kawanai; 27" @ 16:50; sess. 6

2+1 flavor DW + lwasaki gauge fields

DW light/strange and non-pert tuned RHQ b valence
a: 0.08,0.11 fm

Mpi: 289 — 422 MeV

2/d.o.f. = 1.07, p-value = 37%

o 247 m=0.005
Preliminary 247 m=0.01
320 m=0.004
320 m=0.006
32° m;=0.008
continuum

B, — Kliv

0.005 001 0015 002 0025 003 0035 0.04
2
(Ep/ Mg )

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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B meson summary

errors (in %) comparison: FLAG-2 averages vs. new results

fB./fp  we—

st E—
fB —

FBE2DY (1) v
gB—>D(1) —

R(D) R
ff_*”(q2) "
5 e € ongoing work for all five matrix elements @ Lattice 2014
RBC/UKQCD, HPQCD, FNAL/MILC, ETM, ...
|IIII|IIII|IIII|IIII|I
0 2 4 6 8
error in %

see backup slides for more details

T — ——

review by C. Bouchard @ Lattice 2014

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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A. El-Khadra

Simple quantities in LQCD

W

w weak decays - leptonic, semileptonic, mixing

- CKM, BSM phenomenology

W

Beauty 2014, Edinburgh, 16 July 2014
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Implications for the 18t row of the CKM Matrix

0.0508

0.0504

us

0.05

vV |

0.0496

0.0492

A. El-Khadra

Constraining |V.s| using FNAL/MILC 13 (K13) or

FNAL/MILC 2014 (Kp):

1  The uncertainty on |V.l|? is the same/smaller
| compared to the uncertainty on | V.4|?

Time to revisit the uncertainty on 1,4l ?

Slight tension between K and K3 and for K3
with unitarity prediction.

0.9484 0.9488 0.9492 0.9496

2
v

Beauty 2014, Edinburgh, 16 July 2014 53
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Implications for the 18t row of the CKM Matrix

|Vud|2 =+ |Vus|2 - |Vub|2 =1

0.0508 =

0.0504 [~

us

vV |

0.0496 [—

0.05 |-

N¢ =241 Ne=2+141

=2

0.0492 —

0.9484 0.9488 0.9492 0.949

A. El-Khadra

2
v

Beauty 2014, Edinburgh, 16 July 2014

rohon—lattice N¢

V| = 4 x 1073 = 0

3
A B—1v
= B—1v
— A B—n¢v (Babar)
—A— B—ntv (Belle)
[
= B—1v
—— @ —— HFAG Inclusive
5 30 35 40 45 50 55

~30 tension between exclusive and

Inclusive determinations

54
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Implications for the 2" row of the CKM Matrix

review by C. Bouchard @ Lattice 2014

3
V.41 Ny= A Nf= | | .10 |Vcbl\
Z T > T T T
7 2+1| M 2+1
! T
: Q 2+1 PDG
— 2+1+1 ‘
2+ N 24141
T 2 2+1
g O % ? hl O . excl. (B — D)
= a .
= ’ excl. (B — D*{v)
V scattering
CKM unitarity CKM
+ ; |
0 2IOO 0 2IQS 0 2I50 unitarity ' incl. (B — X v) ' P
| | . OI95 1.00 1I05 Gambino & Schwanda, PRD 89, 014022 (2014)
38 39 40 a1 ) 3
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014

Wednesday, July 16, 14



Implications for the 2" row of the CKM Matrix

review by C. Bouchard @ Lattice 2014

* | QCD error
commensurate with exp.

® 20.5% error due to
Coulomb, EM effects is
Included in the total error
for 1Vl

—Tf e
L '+ excl. (B — Dlv)

/

i ’ excl. (B — D*lv)

|Vcb|

lVCdl Nf= |VCS| Nf=
'Z T T > T , T
5 « 241 M —— 2+1
Q ég < 2+1
—— 2+1+1 :
o 2+1 = § u = 2+1+1
.Z * L] 2+1 B ! 2+1
i\ 2 |
2 - T = 2+1
L Q B
L
) L
Y% scatterlng '
CKM unitarity
| | | CKM- +
0.200 0.225 0.250 unitarity : .
0.95 1.00 1.05
Slight tension between
leptonic channel and
CKM unitarity
R — ——
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014

incl. (B — X lv) = ®

Gambino & Schwanda, PRD 89, 014022 (2014)

38 39 10 a1 ) 13

~30 tension between
exclusive and inclusive
determinations

[ — —
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3|

UT analysis

0.8}
0.6}
0.4}

0.2}

0.0t

Laiho, Lunghi & Van de Water (Phys.Rev.D&81:034503,2010), E. Lunghi, private comm.
1) 25 S S S

latticeaverages.org
End of 2013
Suk
ex+|Veb lexcl
f v%b
. - . Vthmd — )
-1.0 -0.5 0.0 0.5 1.0
P

The (red, yellow, green and blue) error bands are (still) dominated by theory

errors, in particular by errors on hadronic matrix elements calculated in LQCD.

A. El-Khadra

Beauty 2014, Edinburgh, 16 July 2014
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http://arXiv.org/abs/0910.2928
http://arXiv.org/abs/0910.2928

UT analysis

Laiho, Lunghi & Van de Water (Phys.Rev.D&81:034503

2010), E. Lunghi, private comm.

. " End of 2015
| expectation —
0.8} "'
3 ’l
Syx
0.6’ ,l‘
— i —--——-i,' -\\——.-.
m | : ’ a
0.4} y Ty
| y y
0.2 €k +|Vcb |excl ay /J g \ N
T Bli(B )+AM \}
3 ‘ P —2TV )+ \“.l'n‘ 1
0.0} | Vb lexel B |
-1.0 -0.5 0.0 0.5 1.0

New bands for |V,s/Veplexet and Admg/dmyg (
on Viplexctand a 2% error on &.

Exclusive [Vl, [Vl only

A. El-Khadra

, green) assuming a 4% error

Beauty 2014, Edinburgh, 16 July 2014
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http://arXiv.org/abs/0910.2928
http://arXiv.org/abs/0910.2928

) BSM phenomenology

S. Hansmann-Menzemer @ EPS 2013 Combined LHCb == CMS ReSU":

Observation:

BR(Bs — utpu~)=(2.9+0.7) x 1077

BR(BY — utp~)=36714 x 10710

-1
bO104fb CDF 10fb ' I BESM
CDF 10fb~ [—
ATLAS 4 9th ' ) LHCh 3"
preliminary h
_| -
LHCh 3fb P
=SsM
CMS 25fb ' -
CMS+LHCh .
Chélsuthgfb L preliminary | '
P ¥ vy o Wl e o by by v by w byw by by by v o by a1y PRI M | 1 P P |
o 2 4 6 8 10 12 14 16 18 20 22 0 1 2 4 5 6 7
B(B - pp) [107] B(B"— ) (107

SM prediction depends on /s or Bg.

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 59
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BSM phenomenology B, — ™t i~

Tt
B . —)  p

Standard Model prediction: Buras, et al (arXiv:1303.3820, JHEP 2013),
Bobeth, et al (arXiv:1311.0903, PRL 2014)

0.7%

0.3%

2.7%
1.5%

0.8%

4.5%

4.0%

uses fp, from HPQCD 13 uses BBS from HPQCD 09

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Form factors for B — K¢+ ¢~
.. b

s 0

0
. V‘@ Kt - gt KT

AGF
Het = ——= Vip Vs Ci0; + C; O;
T \/§ tb t ;( )
 eg.
e SM GIM, loop, and Cabibbo suppressed o
0y = == 50, Pr(1)b F*
o O) are local operators — ! 1672 " KT )
2
e B _
o qu(/) are Wilson coefficients (model specific) Os()/) ~ 1672 SYuPrLr)b ("L
: : (") 2 _
e hadronic matrix elements (K|O;’|B) ol = € 9. Priyb Py st
1672
e observed rate constrains Ci(’ )

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Form factors for B — K/¢T/¢~

C. Bouchard (HPQCD, based on 1306.0434, 1306.2384 )

0.6
Jy v (25) Belle
0s L BABAR
— ' CDF
S LHCb [16]
B 04 | —e— LHCb [17]
S T T
s 4 T
< Q
> 0.2 —— ﬁ\
S N
0.1 | \
o\\
0 | | | | | \
0 4 8 12 16 20 24
q° [GeV’]

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014

Wednesday, July 16, 14



Form factors for B — K/¢1T/~

R. Zhou (FNAL/MILC 2014, preliminary)

07 | | FNAL-MILC 14 (blinded) ——
| Belle09 [PRL 103 171801 (2009),
Babar12 [PRD 86 032012 (2012)] —s—
0.6 1 CDF11 [PRL 107 201802 (2011)] — =& ]

% LHCb12 [JHEP 07 133 (2012)] —=—
5 05| LHCb13 [JHEP 02 105 (2013)] —e— 1
S 04 :
5 J preliminary
< 0.3 [
~ ) \ ‘ i
3 ol ——||
Q ! ‘ el
2 0.2 . ; -
0.1 | i
0 1 1 1 1 \ 1
0 5 10 15 20 25
¢*(GeV)?
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Form factors for B — K/¢1T/~

R. Zhou (FNAL/MILC 2014, preliminary)

07 | | FNAL-MILC 14 (blinded) ——
| Bt - K*pu LHCb14 [JHEP 06 133 (2014)] —=—
0 | B°— K LHCb14 [JHEP 06 133 (2014)] ——
% 0.5
&
= 04
ol preliminary
= 0.3 |
3 s
2 0.2

20 25

0 3 10

15 I
¢*(GeV)?
S (4160)

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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0.7

=
Sy

o
S

0.3

-~

dB.,/d¢*(10""GeV?)

0.2

0.1

0

A. El-Khadra

Form factors for B — K/¢T/¢~

R. Zhou (FNAL/MILC 2014, preliminary)

BT — Ktupu

FNAL-MILC 14 (blinded)
LHCb14 [JHEP 06 133 (2014
BY — K% LHCb14 [JHEP 06 133 (2014

——

—A—

preliminary

-

1
>

i

] Include non-local operators
in LQCD calculation?

not a simple quantity

0

10 15 I 20
¢*(GeV)?

D(4160)

Beauty 2014, Edinburgh, 16 July 2014
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BSM phenomenology

Lepton universality test: B — Ku*pu~ /B — Kete™

——[HCb —=—BaBar ——Belle

¢ T
i LHCb :
1.5E | .
l: SM
0.5F .
O- . | R PP SRR R
0 5 10 15 20
2 [GeV?/c4]
A. El-Khadra

LHCDb (arXiv:1406.6482):
Ri = 0.745 (9)(36)

SM prediction using LQCD form

factors calculated by HPQCD

(C. Bouchard et al, arXiv:1303.0434,
PRL 2013):

Ri(1GeV?,6GeV?) = 1.00081(38)

Beauty 2014, Edinburgh, 16 July 2014 66
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Lepton universality test: B — Ku*pu~ /B — Kete™

BSM phenomenology

—— [ HCb —=—BaBar ——Belle

> 25 S LH(ljb '5 LHCb (arXiv:1406.6482):
- - 90
sh | 1 [Rx = 0.745 (29)(36)
IF SM ] SM prediction using LQCD form
- b ] factors calculated by HPQCD
0.5 - (C. Bouchard et al, arXiv:1303.0434,
i 1 PRL2013).
[ | N DR B B 2 2\ _
0 s 0 T 0 Ry (1 GeV?,6GeV?) = 1.00081(38)

g> [GeV?/c4]

~2.6 0 tension between LHCb measurement and SM prediction

A. El-Khadra

Beauty 2014, Edinburgh, 16 July 2014 67
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review by C. Bouchard
@ Lattice 2014

Horgan et al., PRL 112, 212003 (2014); PRD 89, 094501 (2014)

MILC 2+1 asgtad gauge fields

NRQCD b with asqtad light/strange valence
a: 0.09,0.12 fm

Mpi: 313 -519 MeV

T M SM (binned)
F % | Experiment — — — _ NP _ ,
(our average) < Gyt =-1.0, Cy=1.2
12 I | | | T 1,2 T T I I
N 0 +,,—
T 10f Lol Bi—ooutum
>
5 T .
O 0.8 0.8 n i
T ———
5 06F 06 N
% U4 0.4 + ST\
2 T3
g 0.2 0.2 \\
© \
0.0 L L I L

15 16 17 18 19
¢* (GeV?)

A. El-Khadra

15 16 17 18 19
¢ (GeV?)

BSM phenomenology

B — K™, B, — ¢t

caveat:

K*, ¢ treated as stable
(narrow width approximation)

unstable K*, ¢: beyond simple

Combined fit to B — K*uu
and Bs; — ¢ouu data.

-3 -2 -1 0 1 2 3

Beauty 2014, Edinburgh, 16 July 2014
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BSM phenomenology

review by C. Bouchard
@ Lattice 2014 R(D) — B(B — D™ rv)
B(B — D™ puv)

BaBar, PRD 88, 072012 (2013)

R(D)gm from lattice FNAL/MILC, PRL 109, 071802 (2012)

R(D*)sm needs lattice Fajfer et al., PRD 85, 094025 (2012)

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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A. El-Khadra

Simple quantities in LQCD

N
>
/.

N
>
/

w high precision = including QED

Beauty 2014, Edinburgh, 16 July 2014
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Including QED

@ current strategy: isospin symmetric u,d sea: m, = my

@ QCD + quenched QED (electro quenched):
sea quarks neutral, valence quarks charged

@ can use results from QCD + quenched QED in pure QCD calculations by adjusting
the valence quark masses to include strong and EM isospin breaking effects,

mu¢md

@ strong and EM isospin breaking are subdominant effects in the sea

@ to connect LQCD calculations of weak matrix elements to experiment, need to
account for EM radiative corrections:

K, T decay: estimated phenomenologically using CHPT
(see for example, Cirigliano, et al, arXiv:1107.6001)

@ We now need similar phenomenological estimates for weak D and B decays

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Including QED

review by A. Portelli @ Lattice 2014 and ICHEP

@ new: full QCD+QED simulations used in spectrum calculations:
BMW (nr= 1+1+1+1) at multiple lattice spacings, light quark masses
QCDSF (nf= 1+1+1)
RBC/UKQCD (nr=2+1)
PACS-CS (nr= 1+1+1)
similar plans by other groups (MILC, RBC/UKQCD, ...)

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Including QED

review by A. Portelli @ Lattice 2014

A. El-Khadra

PDG
| FLAG
- : [RBC-UKQCD, 2010]
S [RM123, 2013]
- [BMWec, 2014] (preliminary)
P—m—i IMILC, 2014]| (preliminary)
0.4 0.5 0.6 0.7

My /Mg

see backup slides for more spectrum results

Beauty 2014, Edinburgh, 16 July 2014
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Including QED

review by A. Portelli @ Lattice 2014 and ICHEP

@ new: full QCD+QED simulations used in spectrum calculations:
BMW (nr= 1+1+1+1) at multiple lattice spacings, light quark masses
QCDSF (nf= 1+1+1)
RBC/UKQCD (nr=2+1)
PACS-CS (nr= 1+1+1)
similar plans by other groups (MILC, RBC/UKQCD, ...)

@ Will eventually need to calculate EM radiative corrections in full QCD+QED, for
example:
I (7T+ — €+Vg(”y)> =T (7T+ > €+Vg> +T (7T+ o €+Wy)

Proposal by RBC/UKQCD (see talk by C. Sachrajda @ Lattice 2014)

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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A. El-Khadra

Beyond simple quantities

Note: When there are two (or more) hadrons in the initial or

final state we need additional formalism to relate the

guantites calculated in the Euclidean box to physical
observables in Minkowski space.

see review talk by R. Briceno @ Lattice 2014

w K — 7 amplitudes and Am g

7//\(

Beauty 2014, Edinburgh, 16 July 2014
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K — 7

review by N. Garron @ Lattice 2014

Describe K — (7m)1=0,2 with an effective Hamiltonian

HA= = jﬁ{ Z (Vud Viyszi(pt) — Via V{;yi(u))Q;(u)}

Short distance effects factorized in the Wilson coefficients y;, z;
Long distance effects factorized in the matrix elements

(| Qi|K) — Lattice

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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K — 7

review by N. Garron @ Lattice 2014

AT =1/2

RBC/UKQCD (arXiv:1106.2714, PRD 2011):

* Pilot study on small volume, unphysical pion mass, but complete with all operators,
disconnected diagrams and NPR.

e Computation with physical kinematics is in progress

e Emerging understanding of the AT = 1/2 rule:
I=2 amplitude is suppressed due to cancellation between two dominant
contributions, while the I=0 amplitude is not.

several other efforts:
* Ishizuki et al (Lattice 2014), improved Wilson fermions, enhancement is observed

e Endress, Pena, role of the charm quark in AT = 1/2 rule

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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K — 7

review by N. Garron @ Lattice 2014

Al =3/2

RBC/UKQCD (Lattice 2014):
calculation with physical mass pions, large volumes, two lattice spacings

first result with continuum extrapolation, complete error budget coming soon!

-8

17700 systematic
o preliminary T error analysis preliminary
IS In progress
1.5F | — ——
-5.5F
< | < _
2 1.4 . E 6
13} 65 Y
-7+
1.2F
-7.5
1 (I) 0.605 0.61 0.61 5 0.62 0.025 -8 (I) 0.605 0.61 0.61 5 0.62
2 2 2 2
a“ [fm7] a“ [fm~]
The goal of this effort is to eventually calculate €' to ~15% accuracy
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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AmK

plenary talk by C. Sachrajda @ Lattice 2014

e > O
Hyy Hyy

Finite volume dependence more complicated than for K — 7
(N. Christ et al, arXiv:1401.1362)

RBC/UKQCD (arXiv:1406.0916):
complete calculation with unphysical parameters, mx < 2 m,,

Amg = 3.19(41)(96) x 10~ MeV

Z. Bai (RBC/UKQCD, Lattice 2014):

preliminary results at near physical mass with mx > 2 m,
stat. errors only

(RBC/UKQCD, ETM)

Work has also started on rare K decays, suchas Ky — 7/t ¢~

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Beyond simple quantities

/\

W

W resonances

Beauty 2014, Edinburgh, 16 July 2014
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Resonances

Returning to the calculation of the B — K*¢¢ and the B; — ¢4¢

form factors (R. Horgan et. al, arXiv:1310.3722, arXiv:1310.3887, PRDs 2014), a
first calculation of the K* width was reported by Prelovsek et al (arXiv:
1307.0736, PRD 2013).

The formalism for treating vector mesons as resonances in weak
decay transitions was only very recently (!) developed (see review talk
by R. Briceno, and arXiv:1406.5965) g

o ®

No numerical LQCD calculation of a S
weak transition amplitude to a final @"9*
state resonance has been done yet. w

There are now a number of calculations of the p width, excited charmed
meson widths, ... (see the review talks by S. Prelovsek, T. Yamazaki, R.
Bricefio @ Lattice 2014).

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Summary

@ simple quantities:
kaons: < 0.5% for SU(3) breaking ratios
~ 1% for other quantities
D,Ds-mesons: < 0.5% for SU(3) breaking ratio fps/fp
< 1% for decay constants
~ 3-5% for other quantities
B,Bs-mesons: <1% for SU(3) breaking ratio fz/fs
~ 2% for decay constants, B > D*
~ 3-8% for other quantities = = 5%

@ precision will continue to improve with better simulations (especially for
D,B mesons)

@ for B: leverage high precision D results with B/D ratios

@ not-simple: 10-30% with complete error budget

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Conclusions and Outlook

@ LQCD (Lattice Field Theory, more generally) is an idea driven area
of research

@ progress made (especially recently) would not be possible without
innovative ideas (and a lot of courage)

@ we will see an increasing number of very precise results for an
increasing number of simple quantities

@ at the same time we will see reliable results for an increasing
number of new (not simple) quantities

@ sufficient computational resources are absolutely essential
@ ambitious program is in place to provide (much needed) theoretical
support for all three frontiers (the same can be said for Nuclear

physics)

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Davies, D. Du, N. Garron, T. Izubuchi, A. Kronfeld, E. Lunghi,A. Portelli, S.
Prelovsek, F. Sanflllppo R. Van de Water, T. Yamazaki, .
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Omitted Topics

@ QFT at finite temperature (review by A. Bazavov @ Lattice 2014)

@ |attice calculations of BSM theories (review by Y. Aoki @ Lattice
2014)

@ QCD at finite density (review by D. Sexty @ Lattice 2014)

@ hadron spectrum studies of exotica, states near threshold, hadron
structure calculations, ...

(review talks by S. Prelovsek, T. Yamazaki, M. Constantinou,

R. Bricefio @ Lattice 2014)

@ ..

Lattice 2014 in NYC. June 23-28 2014
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A. El-Khadra

Backup slides

ICHEP 2014, Valencia, 08 July 2014
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systematic error analysis

discretization effects

discrete space-time = discrete QCD action
Symanzik EFT: (0)"?* = (O)°™ 4+ O(ap)"

p is the typical momentum scale associated with (O)
for light quark systems, p ~Aqcp

L
<« <«
>

a (fm)

The form of O(ap)" depends on the details of the lattice action.

All modern light-quark actions start at n =2
(improved Wilson, twisted-mass Wilson, asqtad, HISQ, Domain Wall, Overlap, ...).

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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systematic error analysis

discretization effects for b quarks

* If we use light quark actions for heavy quarks, L T
discretization errors ~ O(amy,)?, >
with currently available lattice spacings a (fm)

for charm am.~ 0.15-0.6 and for b:  amp>1

mm> need effective field theory methods for b quarks
for charm lattice spacings are sufficiently small so that we can use improved
light quark methods

* avoid errors of (amp)’ by using EFT in the formulation/matching of lattice action/currents:
+ relativistic HQ actions (Fermilab, Columbia, Tsukuba)
+ HQET
+ NRQCD

or

* use the same improved light quark action as for charm (HISQ, twisted mass Wilson, NP imp.
Wilson, Overlap, ...)

+ keep amy <1
+ use HQET and/or static limit to extrapolate/interpolate to the physical b quark mass

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 88
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systematic error analysis

light quark mass effects

Simulations with miigne = 1/2 (my + mg) at the physical u/d quark masses are
now available, but many results still have

Miight > 1/2 (my + md)phys

¥PT can be used to extrapolate/interpolate to the physical point.

@ Can include discretization effects (for example, staggered yPT)

@ |t is now common practice to perform a combined continuum-chiral
extrapolation/interpolation

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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systematic error analysis

finite volume effects

One hadron (meson) in initial/final state:

If L is large enough, FV error ~ e~ '™ L

@keep myL 24

To quantify residual error:

Q@ include FV effects in CPT

@ compare results at several Ls (with other parameters fixed)

The story changes completely with two or more hadrons in initial/final state!
(more later)

review of few-body systems by R. Briceno @ Lattice 2014

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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systematic error analysis

other effects

v’ statistical errors: from monte carlo integration
consider/include systematic errors from correlator fit procedure

v ny dependence: realistic sea quark effects: use n;=2+1 or ny=2+1+1
Note: nr= 2 (quenched strange quark effects appear to be small)

“* renormalization (and matching):

= with lattice perturbation theory: need to include PT errors
= nonperturbative methods
= use nonrenormalized operators where possible

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Simple quantities in LQCD

Focus on results with complete error budgets and reliable
systematic error estimates.

W —> quark masses, ds

/\
W

/\

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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Low-lying hadron spectrum

new results for the charmed baryon spectrum:

C. Alexandrou (ETM collaboration, arXiv:1406.4310)

38 I I I I I 5 I I I
ETMC N¢=2+1+1 —@— A ETMC Ng=2+1+1 —@—
36 PACS-CS N¢=2+1 +—A—i a3 ¥a ‘iii , PACS-CS Ng=2+1 +—A— - 1
Na et al. Ng=2+1 —&— el 45 L Na et al. Ng=2+1 H—A—
34 Briceno et al. Ng=2+1+1 —@—i | Briceno et al. Ng=2+1+1 —@—i
' Liu et al. Ng=2+1 —w—
3.2 a 4 3
> 1 _ Agah
& 3L S _— = - S — 5 Agsa b
= 2 35|
2.8 - -
2.6 - “i_' ii - 3F
48 v \4
2.4 - $ i - - X9
%91 25 4ot
22 | | — | — | | | \* |
Nc 2¢ =c =c Qc =cc Qcc 2. =c Qc =cc Qcc Qccc
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Low-lying hadron spectrum

new results for the charmed baryon spectrum:

LQCD predictions

C. Alexandrou (ETM collaboration, arXiv:1406.4310 \
3.8 ‘ —_— 5 |

ETD)IC Nf=2+1‘+1 @ | | A\ ETMC Nf=2+1+1 I‘—.—i
36 | PACS-CS Ng=2+1 A &% VA@L> PACS-CS Ny=2+1 +—A— - 1
Na et al. Ng=2+1 —&— el 45 L Na et al. Ng=2+1 H—A—
34 Briceno et al. Ng=2+1+1 —@—i | Briceno et al. Ng=2+1+1 —@—i
' Liu et al. Ng=2+1 —¥—
3.2 - 4 |- 3
> 1 .
8 s S=3 + S=5 G
= 2 35
2.8 -
2.6 - v §§ i 3L
i3 v v !i
2.4 $ i - - X9
%91 25 4ot
22 | | — | — | | | | |
Nc 2¢ =c =c Qc =cc Qcc 2. =c Qc =cc Qcc Qccc
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quark masses and a,

@ with experimental inputs (m,, m,, etc..) we obtain the bare lattice masses and lattice
spacing in physical units.

@ need additional work to determine renormalized quark masses and «:
for a:

calculate additional short distance quantities (Wilson loops, step-scaling
functions, short distance potential, QCD vertices, current-current correlators, ...)

for quark masses and a.:

» define a renormalization scheme
nonperturbative schemes: RI-MOM, Schrodinger functional, ...
» match to MS scheme

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014

95

Wednesday, July 16, 14



guark masses and a;summary

S. Aoki et al (FLAG-2 review, arXiv:1310.8555)

FCAG2013

N¢=2+1

—

—C—H

our estimate for Ny =2+1

RBC/U&(QCD 12

MIL

3ACS-CS 08
RBC/UK 08
CP- PACS LQCD 07

MIL% 04, HPQCD/MILC/UKQCD 04

1

N¢

our estimate for Ny =2
ALPHA 12

CP PACS 01

pheno

PDG .
Dominguez 09
Chetyrkin 06
amjn 06
arison 06
Vainshtein 78

70

A. El-Khadra
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guark masses and a;summary

review by F. Sanfilippo @ Lattice 2014

me(m.)

—a—

HPQCD 2014 (prel), N=2+1+1, Corr. Moments
ETM 2014, Nf=2+1+1, Meson masses & dec.
ETM 2014, N;=2+1+1, Baryons

Alpha 2013 (prel), N;=2, Wilson O(a) NP impr.
HPQCD 2010, Nf=2+1 , Corr. Moments

ETMC 2010 (Latt proc), Nf=2, Corr. Moments
ETM 2010, Nf=2, Meson masses & dec.

>bemvEAS

A. El-Khadra

ETM 2014 (prel), N=2+1+1, Ratio method
ETM 2013, Nf=2, Ratio method

HPQCD 2013, N=2+1, NRQCD

Alpha 2013, N=2, HQET
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@ HP
4 ETI
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Alp
m HPX
¢ ETI

A ETI

4.1 42

A. El-Khadra

guark masses and a;summary

* mass ratios can be determined very accurately

* FLAG plans to add the heavy quark masses to their averages in
coming year.

* uncertainty in the SM prediction of Higgs partial widths is dominated
by parametric uncertainties due to my, m., and ao.

= need masses, strong coupling with ~0.1-0.4% precision for testing 1(_5
SM Higgs couplings.
* Lepage, Mackenzie, Peskin (arXiv:1401.0319)
using the HPQCD 10 determinations of m;, and m. and the PDG
average for a:
0p = 0.77 0., =0.89 0, =0.78 |
0.13
cf.ILCgoals: 5, =0.3 §.=0.7 6, = 0.6 Az)
Note: §, = %5F(h — bb)
* improving the precision of lattice quark mass and o, determinations is
straightforward
Beauty 2014, Edinburgh, 16 July 2014 98
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Kaon summary

For all quantities there are results that use physical mass ensembles

J. Komijani @ Lattice 2014 (FNAL/MILC, arXiv:1407.3772)
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Kaon summary

For all quantities there are results that use physical mass ensembles

FNAL/MILC (arXiv:1312.1228, PRL 2014,
T. Primer @ Lattice 2014)

D. Murphy @ Lattice 2014 (RBC/UKQCD)

1F T T
1 i
_ | : o 321
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- fET(0) . i
[ 099 ‘l’ """"""""""""""""""""""" 3R
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T 098 ‘ 082 gﬁ 0-975f """" prelglmlnar;y """"""""" 1 """""""" I
I — chiral interp. in the continuum 0,97}77 rrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrr | } rrrrrrrrrrr
K—- : |
0.965- _|_7T(O) -----------------------------------------------------------------------------
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Kaon summary

For all quantities there are results that use physical mass ensembles

FNAL/MILC (arXiv:1312.1228, PRL 2014, T. Primer @ Lattice 2014)

i
K TABLE III. Error budget for f4(0) in percent.
i * Source of uncertainty Error f1(0) (%)
0.99F Stat. + disc. + chiral inter. 0.24
I myrl £ mse? 0.03
N o Scale 0.08
" 098 Finite volume 0.2
i — chiral interp. in the continuum Isospin 0.016
Total Error 0.33
097 chi’/dof [dof] =024 [7] p=097 |
C |
0 | 05
aml / (ams)physwal
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D meson summary

J. Komijani @ Lattice 2014 (FNAL/MILC, arXiv:1407.3772)
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Neutral D-meson mixing

review by C. Bouchard @ Lattice 2014

Short Distance D° Mixing (¢ — u FCNCs)

—
£l
&
|
SN
ol
__—
£l
ol

S
WS SW =
o o
\ e
C S u C u
d,s,b short distance
) Ac=2/70]Ac=2| 0

Myg — ~T ) _ N\ oAe=2 0| oA=2
( 12 2 12 short distance zz: v < | v | >

Now:  UTfit, 1402.1664
LHCb, PRL 111, 251801 (2013) 2020: Briere, ANL Intensity Frontier (2013)

|Mis| = (4.44+2.0) x 1072 ps~! ~ 5X current precision

T2 = (149 £1.6) x 1072 ps~*

T
arg (M—1122> — (2.0+2.7)°
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0.8 1

04 matrix element (r1 units)
o
N
1 N

o
o
: | :

Neutral D-meson mixing

review by C. Bouchard
@ Lattice 2014

Short Distance DY Mixing

FNAL/MILC

MILC Nf=2+1 asqtad configurations
FNAL charm and asqtad light valence
a: 0.045-0.125fm

Mpi: 177 — 559 MeV

O4 chiral-continuum extrapolation O4 error breakdown

Chia Cheng Chang; 25" @ 12:50; sess.
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B meson summary

errors (in %) comparison: FLAG-2 averages vs. new results

fB./fB
/B,

/B
.FB_>D* (1)
gB—>D(1)
R(D)
f£7T(¢?)

§

_ —

|\

HPQCD 13: small error due to ongoing work @ Lattice 2014:

physical mass ensembles

RBC/UKQCD (2 separate projects), ETM, FNAL/MILC,

ALPHA, ...

FNAL/MILC 2014: small errors due to ratios (error cancellation), small lattice spacings

FNAL/MILC (Lattice 2013) also: results for B; D; by Orsay group
ongoing work @ Lattice 2014 by HPQCD, SWME, ...

HPQCD: first results for B — K¢¢ (2013) and B, — K /v (2014)

ongoing work @ Lattice 2014: HPQCD, FNAL/MILC, RBC/UKQCD,

also for B — wé/
o il I~|ongoing work for all five matrix elements @ Lattice 2014

0

2

4
error in %

6 ] HPQCD, FNAL/MILC, RBC/UKQCD, ETM, ...

see N. Carrasco and P. Dimopoulos talks (ICHEP Lattice

review by C. Bouchard @ Lattice 2014 |session, Friday)

First results for fz+/fg by ETM/Orsay group , see A. Oyanguren talk (ICHEP, Flavor physics session, Saturday)

A. El-Khadra

Beauty 2014, Edinburgh, 16 July 2014
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Form factors for B — D™ /y & V.,

review by C. Bouchard "
@ Lattice 2014 B = Dty
FNAL/MILC Bailey et al. (FNAL/MILC), 1403.0635 1 : i . , l I
| - a=0.15fm
0.98 - a=0.12 fm
MILC Nf=2+1 asqtad - a=0.09 fm
. . 4+ a=0.06 fm
FNAL b and c with asqtad light valence 0.96 - v a=0045 fm
a: 0.045-0.15fm - « extrapolated value
Mpi: 174 — 520 MeV 0.94 -
work at zero recoil, calc F(1) a 0.92 —T‘][ }H }& { { '
leading source of error is hvy g disc effects 0.9 —I {
small errors due to ratios 0.88 [
(error cancellation), i | | |
0.86 ' : :
many en§embles: 0 01 072 03
small lattice spacings ) )
m_ (GeV))
* Lattice error now equal to experimental error.
A. ElI-Khadra Beauty 2014, Edinburgh, 16 July 2014

106

Wednesday, July 16, 14



Form factors for B — D™y & Vo

A. El-Khadra

review by C. Bouchard "
@ Lattice 2014 B — DYty

Jang, Oktay, Bailey, DeTar, Kronfeld, Lee

Attacking hvy quark errors with Oktay-Kronfeld action
- improved version of FNAL action
- includes additional O(a”2, a”3) improvement terms

verified improvement in B meson spectrum
- dispersion relation
- hyperfine splitting

Yong-Chull Jang; 24" @ 17:50; sess. 2

Improved calculation planned for B->D* at zero recoil

- Nf=2+1+1 HISQ gauge ensembles Jon Bailey; 27" @ 17:50; sess. 6
- physical It quark mass | |

- HISQ light/charm and OK b valence quarks
- Heavy-Light current, on-shell improvement through O(p”3)

Beauty 2014, Edinburgh, 16 July 2014
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A. El-Khadra

B meson summary

review by C. Bouchard
@ Lattice 2014

1088(3 — 7T,U/,U/) = 2.3(6)stat(1)sys

FNAL/MILC

MILC 2+1 asqgtad ensembles

FNAL b, asqtad light/strange valence
a:0.045-0.12 fm

Mpi: 174 — 520 MeV

LHCb, JHEP 12 (2012) 125

HPQCD

MILC 2+1 asgtad ensembles

NRQCD b, HISQ light/strange valence
a:0.09,0.12 fm

Mpi: 174 — 520 MeV

Beauty 2014, Edinburgh, 16 July 2014
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Neutral B-meson mixing

Standard Model

b d 7 d
BO Bo » BO BO
O;
In general : SM: BSM:
5 _ _ _ _
Mg =S oy O =T ) 0= L) R)
) i—1 Z Z Oy = (b*Lq*) (b° Lg”) Os = (b°Lq") (b Rq®)

O3 = (b*Lq”) (b°Lq*)

(0i) = (B2|Oy| BY) (1) = e; m%,_ (3, BY (1)

q

We calculate all five matrix elements.

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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A. El-Khadra

Neutral B-meson mixing

review by C. Bouchard
@ Lattice 2014

HPQCD

MILC 2+1+1 HISQ cfgs

SM and BSM B,

radiatively-improved NRQCD b with HISQ light/strange

a: 0.09, 0.12, 0.15 fm

physical light masses (a first for B-mixing)

Mixing

Christine Davies; poster

- extension of B-physics program on these ensembles (spectra, decay constants, etc.)

- still generating data
- impressive early results

1.8 . __ :
B T A -
FNAL/MILC, 1112.5642 A Vcoarse ——O—
o coarse —&—
16 F
O
14 3
= Ll o2 Q% G.DQ
g 1
\::;,, 1.2 N
a} \ )
Lr 5% syst. from ocsz
/ 0,
. ) @ °
038 o e
06 L 1 1 1
0 0.05 0.1 0.15 02 025

m;/mg

EV(Mg/Mgy)

14

135 F

13 F

125 F

12 f

1.15 |

1.1

g

T

HPQCD
0902.1815

Y ey
R i Lo

T e e

T
vcoarse —o—
coarse ——@—

0.05

Beauty 2014, Edinburgh, 16 July 2014
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Neutral B-meson mixing

review by C. Bouchard
@ Lattice 2014 SM and BSM BY,, Mixing

Ishikawa, Aoki, Izubuchi, Lehner, and Soni (to appear on arXiv tonight)| (arXiv:1406.6192)

Idea
: : . th 90)-
— anchor a HQ expansion with results in static limit Tomomi Ishikawa; 25" @ 9:20; sess. 6

— relativistic heavy quark action for mQ ~ mc
— iterate between mc and anchor point ala ETM ratio method | | T

’ld.of. =03
Simulation . 6 p-val = 0.92 ]
— Nf=2+1 DW, Iwasaki gauge

— static b with DW light valence i ]
—a~0.09,0.11 fm — £l il

— Mpi: 289 - 418 MeV R
— 1-loop matching (ok in static limit) including O(a) effects é’ B /_% ————————— %_—_’
. — ]
fe\/Bp = 240(15)sat(17)sys MeV ) . /}/’{’
o3 //——-'——‘

A~ |
fe.A/Be., = 290(9)stat(20)sys MeV SIS .
) f — 1-208(41)Stat (44)Sys A 24C, HYP1 —
BB — 1-17(11)stat(19)sys ol A ggc, :zﬁf |
. c,
Bp, = 1.22(6)stat(12)sys ] 32c, HYP2 | |
Bp./Bg = 1.028(60)sat(43)sys MeV @ cont, phys
! | | |
1
* : 0 10 20
No O(1/my) error included mam _[MeV]
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014
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FNAL/MILC @ Lattice 2014

045"

04

0.35

03

0.25
B

m " (GeV)

0.2

0.15

1 1 1 I 1 1 1 1 I 1
O'10 0.02 0.04 0.06

q
S
~

A. El-Khadra

Neutral B-meson mixing

*

OO0 o

—

@ 0 00

OO0 O

r?<Bq’O2‘Bq>/MB
S
~J

a

1 1 I 1 1
0.08 0.

(fm)

SU(3) staggered HMChPT

1 1 I 1 1 1 I 1
1 012 0.14

review by C. Bouchard @ Lattice 2014

* 14 MILC asqtad ensembles
4 lattice spacings

~ 4 sea quark masses per lattice spacing
~ 600 - 2000 configurations

X 4 time-sources per ensemble

* asqtad light valence quarks
~ 7 light valence masses per ensemble

* Fermilab b quarks

* O(a) improved four-quark operators

X X X x

X X X X

¥ x x X x

continuum extrapolation

coarse 005
coarse 007
coarse 010
coarse 020
fine 00155
fine 0031
fine 0465
fine 0062
fine 0124
sfine 0018
sfine 0025
sfine 0036
sfine 0072
ufine 0028
physical points

Beauty 2014,

no results quoted yet

expected errors:
o (B|O{|B): ~ 9%
e (B|O3345|B): 10 —15%
o & < 2%
e (B|Os|B)/{B|O1|B): ~ 10%

Edinburgh, 16 July 2014
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Including QED

review by A. Portelli @ Lattice 2014 and ICHEP (in Lattice session, Saturday)

Sz. Borsanyi et al (BMW, arXiv:1406.4088)

10
A3 — experiment|
gl —— e QCD+QED| -
I (] prediction ]
*
— 6 [ o
> AD
2 i
S 4 N
< AZ . i
>l AN S _
_ ¢ A
i cG | -
= —— —
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 13
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Including QED

review by A. Portelli @ Lattice 2014 and ICHEP (in Lattice session, Saturday)

0 [Gasser & Leutwyler, 1982]
‘Walker-Loud et al., 2012]
—1 [NPLQCD, 2007]

1 [QCDSF, 2012]

o [RM123, 2013]

[Shanahan et al., 2012]
no beta-decay

experiment
RBC-UKQCD, 2010]
BMWec, 2013] (EQ)
BMWec, 2014]

QCDSF, 2014

(M, — Mp)qep (MeV)

S BN

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 |14
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Few body systems in a box

review by R. Briceno
@ Lattice 2014

A roadmap towards physics

@ Calculate finite volume spectrum ( 4 ) Calculate finite volume form factor

(2 ) Plug into formalism

< 3 ) Out goes elastic & inelastic QCD

scattering amplitudes

S

e W ®
%Nxs\ o

e oy

La la mode de Liischer (1986)

A. El-Khadra Beauty 2014

time = xio

------------

) Plug spectrum, scattering
parameters and finite volume form
factor into formalism

< 6 , Out go physicaéorm factors

X ‘

- .
-~

Lﬂ‘t la mode de Lellouch & Liischer (2000)

, Edinburgh, 16 July 2014
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Few body systems in a box

review by R. Briceno

@ G bectrum 2-body system in a box

bnelasticities ------------------------------------------------------

-

1/a

bound state

Repulsive Attractive

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 116
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Few body systems in a box

review by R. Briceno
@ Lattice 2014

Status of
formalism

(somewhat bias estimate)

: progress made/
more to come

¢ Spectroscopy/
scattering;:

¢ Electromagnetic
form factors:

& Fundamental
symmetries:

A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 117

Wednesday, July 16, 14



Beyond simple quantities

/\

W

w hadronic corrections to muon g-2

/\
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hadronic contributions to muon g-2

review by B. Casey @ Lattice 2014

The experimental measurement (BNL-E821) of the muon g-2 disagrees with the SM
prediction by > 30.

SM DARK PHOTONS SUSY X-DIMENSIONS
= — s — — el et e e e e,
u § 7 7 g w WX § X u W WSWo op
R | | L2 8BRS l [
} . ] DHMZ — 0
muon g-2 is a sensitive probe of new physics. 180.2:4.9
The goal of the Fermilab muon g-2 ot 8 —o—

experiment is to reduce the experimental
uncertainty by a factor of 4.

The uncertainty of the SM prediction is
dominated by the error on the hadronic

_ BNL-E821 04 ave. foged
corrections (HVP and HLDbL): 208.9:6.3
5(@VP) = 0.6% (a™Pl) = 25% ST i

llllllll'llll'lllIllllll!llllll'llllllll’lll'll

140 160 160 170 180 190 200 210 220 230
a,-11659 000 (10™°)
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http://arxiv.org/abs/arXiv:1311.2198
http://arxiv.org/abs/arXiv:1311.2198

& hadronic contributions to muon ¢-2
LGDo ¢

Hadronic vacuum
polarization (HVP):

5 3

from experlmental
result for e*te’—
hadrons plus dispersion
relation

Hadronic light-by-light
(HLbL):

%fé

estimated from models
such as large Nc, PT,
vector meson
dominance, etc...

e Both quantities are calculable, in principle, with LQCD methods.

* For HVP there are already methods in place, with a lot of activity in the last 6

months, and first results have been reported.

* The calculation of the HLbL correction is very difficult, but methods for it are

also being developed and tested.

A. El-Khadra
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& hadronic contributions to muon ¢-2
gD ¢

Status of HVP calculations gf ’\7;

A lot of progress in method development:

e statistical noise reduction techniques

compiled by T. Blum + T. |zubuchi

(AMA, ...) |
— Aubin and Blum 2+1 (2006) —OH —
* methods for controlling ¢? extrapolation | Aubin and Blum 2+1 (2006) —O—
(twisted boundary conditions, Pade | UKQCD 241 011) A -
approximants, mixed time time- and space- | ETMC2 (011) o ]
like calculations, position-space | Mam2eqaoly | A , _
moments, ) - ETMC 2+1+1 (2014) H——H
* use of physical mass ensembles (BMW, —BMWe 2+1 (Lattce 2014) HOA -
RBC/U KQCD, ETM) L BMWe 2+1 (Lattice 2014) —O—
. . . . — Davier, etale'e || —
e disconnected contributions (Mainz group) P eee G
— Hagiwara, et al e'e (2012) || O stat. error only
A stat. and sys. errors
See talks by G. Herdoiza, J. Koponnen, P. - Davier-erl T 0ty | =[x diprelation
Santiago @ ICHEP (Lattice session, 400 | 600 | 300
10
Saturday) a (x10)
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 121
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hadronic contributions to muon g-2

Status of Hadronic light-by-light (HLbL)

T. Blum, T. Izubuchi, M. Hayawaka T. Blum, T. lzubuchi, priv. comm.

(paper in preparation) 0.1 g
- preliminary
0.1 -
pilot study of direct method : % ]
needs systematic error analysis Na 0.05F -
= F Q o :
= op ° 5 5 -
- >k Models -
0,050 ‘e 0-10(m =330 MeV) -
- stat. errors only 1
— o1 T
+Q(§1]z)1) 0.1 0 0.1 0.2 0.3 0.4
Q (GeV)
QCD <u > |
W QED WoED e alternate approach: calculate dominant
contribution (pion transition form factor)
= +0(t') £y g
é_. T
T see talk by E. Shintani @ ICHEP (Lattice
session, Saturday)
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14

1.3

1.2

1.1

gAu—d

1.0

0.9

0.8

Hadron structure

review by M. Constantinou @ Lattice 2014

Nucleon axial charge g4

A. El-Khadra

% Lattice data from ’plateau’ methods
% Latest achievement: lattice results at physical m

% No necessity of chiral extrapolation

% Different strategies for addressing systematic
uncertainties

Finite volume effects are an

- A QCDSF/UKQCD 'l1 (Clover, N;=2)
O RBC/UKQCD '09 (DWF, N ;=2+1) v QCDSF'l1 (Clover, N(=2) I :
S RBCUKGCD 3 DWE N o) Y OCDSF13 (Clover N22) important source of systematic
o ETMC '10 (TMF, N;=2) <4 CSL/MAINZ '12 (Clover, N=2) error
m ETMC'13 (TMF, N;=2+1+1) x CSSM '12 (Clover, N =2+1)
m ETMC '14 (TMF&clover, N¢=2) PNDME '14 (HISQ, N =2+1+1)

LHPC '10 (DWF/asqtad, N =2+1) + RQCD '14 (Clover, N=2) —

LHPC'12$C10ver,Nf=2+1) | x QCD '14 (DWF, N =2+1)

0.05 0.1 0.15 0.2 0.25
mn2 (GeV?)
Beauty 2014, Edinburgh, 16 July 2014 123
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Hadronic interactions

review by T. Yamazaki @ Lattice 2014
Scattering length af

tand
ag = lim (p)
p—0 D

I = 2 7 Simplest scattering system

Comparison of dynamical calculations at physical mx =9 a% and T =1/2 Kn aé/Q

@——H  N=2CP-PACS(2004
A i N,=2+1 MA NPLQCD(2006)
A N.=2+1 MA NPLQCD(2008)
- N2 JLACD(2011) Most (but not all) results
displayed include
=] N.=2+1 PQ Fu(2012) ]
HmH N=2+1 Fu(2013) systematic error
HOH N.=2+1 PACS-CS(2014) bU d g et S
_______________________________________________________ e
| E865(2010) w/ ChPT : :
% | Easatzo10) most are consistent with
each other
1 | 1 | 1 | 1
-0.05 -0.045 -0.04 -0.035 -0.03
agm,
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Resonances
review by S. Prelovsek @ Lattice 2014

Evidence for Z_* from lattice: 1°=1*, JP¢=1*
a b

_ Y, T
4.6 - | ¢ ._. _ .
T D) D*-1)1 ¢ Black circles: two-meson states
- i . 4. y(3770) &
441 1 — D* D* * Red asterix: candidate for Z_*
L _ - y2S) T
T |— DD* (the smaller error is statistical,
42— % ¥ 1 vt
! - — TP the larger corresponds to systematics)
L [T e o
; 4 |— : ﬁ * ""'/'/" 4 = | J/ch
O L :; ....... //J: B _I_'_';'_'__
R S S -
[ 3.8 — _- =
- - ] * 9 two meson states below 4.3 GeV
36— _  an additional state found
- i * since we exhausted all two meson-
34 | — ] states below 4.3 GeV, itis a
I 2 ] candidate for an exotic Z_*.
32— —
Exp. Lattice
A. El-Khadra Beauty 2014, Edinburgh, 16 July 2014 [25
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