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Flavor Physics and Lattice QCD
In the Precision Era

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 meson quantities with unprecedented precision

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



Outline

@ Motivation and introduction

@ Simple quantities with single, stable hadrons
w low-lying QCD spectrum

w weak decays (leptonic, semileptonic, mixing)
—> CKM, BSM phenomenology

N

@ Conclusions & Outlook
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Why Lattice QCD?

example: K° — n= ¢ty

generic EW process involving hadrons:

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

1) L)

U'kes, Ukoo, ... Lattice QCD
dU(B—mty) dl(D—K{lv) parameterize the ME in
dq2 9 dq2 9 °
terms of form factors,
Amd(s) decay constants, bag
: parameters, ...
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Introduction to Lattice QCD

- — . _ | 1 y -
(0) ~ / DYDYDAO(, 1, A)e™? 5= / d'w [”f{’(m-i- m ) + Z(F;fu 2-

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, O, are then written in terms of (ID+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
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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
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systematic error analysis

discretization effects

discrete space-time = discrete QCD action
Symanzik EFT: (0)?' = (0)°™ 1+ 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, ...).
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systematic error analysis

discretization effects for b quarks

* |f we use light quark actions for heavy quarks, L I -
discretization errors ~ O(amy,)?, >
with currently available lattice spacings a (fm)
for charm am.~ 0.15-0.6 and for b:  amp>1

== 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

e 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 to the physical b quark mass
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systematic error analysis

light quark mass effects

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

Miight > 1/2 (My + Ma)phys

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

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

@ It is now common practice to perform a combined continuum-chiral
extrapolation/interpolation
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systematic error analysis

finite volume effects

One stable hadron (meson) in initial/final state:

If L is large enough, FV error ~ e~ """ L

Q keep m, L = 4

To quantify residual error:
@ 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!
(or if there are two or more intermediate state hadrons)

see talks by: X. Feng and S. Sharpe later today

M. Buchoff (Wed)
W. Detmold (Fri)
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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 n, dependence: realistic sea quark effects: use ny=2+1 or ny=2+1+1
Note: nr= 2 (effects due to quenching the strange quark appear to be small)

“* renormalization (and matching):

= with lattice perturbation theory: need to include PT errors
= nonperturbative methods
= use absolutely normalized currents where possible
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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, light
quark masses, spatial volumes, ...

A. El-Khadra INT workshop, 28 Sep - 02 Oct 2015
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systematic error analysis

For example, set of ensembles by MILC collaboration

Sm L} ] L l Ll I 1 ] L} ] ] ' 1 I 1 I
L MILC = 2+1+1 @ compicic
in progress
400 ® planned -
~~ e
> 300 - ® © @) ) .
=
N’ O 0O
Sh’ 200 |- © © ]
* 4
100 - -
ob v V101
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
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 INT workshop, 28 Sep - 02 Oct 2015



systematic error analysis

For example, set of ensembles by MILC collaboration

T T T T T T 1
- MILC ny=2+1+1 @ complete
in progress
400 (- @ planned .
3
9 o ° o . . 96° x 192
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E - o ] L=58fm
B 200 | ® ® o - ~660 confs
S
*
100 —
ob v 1 V00
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Five collaborations have now generated sets of ensembles that include sea
quarks with physical light-quark masses:

PACS-CS, BMW, MILC, RBC/UKQCD, ETM
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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-18S splitting in Y system, £, Q, Z mass, ...

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

Stable (under the strong interaction) hadrons, masses and amplitudes
with no more than one initial (final) state hadron, for example:

. m, K, D, D, B, B, mesons

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

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

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

 stable baryons
spectrum, matrix elements of local operators

This list includes low-lying hadron spectrum and most of the important

quantities for CKM physics.
Excluded are p, K* mesons and other resonances.
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A. El-Khadra

Simple quantities in LQCD

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

w low-lying hadron spectrum

N 7
“~

INT workshop, 28 Sep - 02 Oct 2015
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Low-lying hadron spectrum

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

A. El-Khadra
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m...C2: BMW, MILC, PACS-CS, QCDSF; n-1": RBC,
D, B: Fermilab, HPQCD, Mohler-Woloshyn

INT workshop, 28 Sep - 02 Oct 2015

new results for
charmed baryons
shown in appendix

, Hadron Spectrum (w);



A. El-Khadra

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

INT workshop, 28 Sep - 02 Oct 2015
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Leptonic K, D, B decays

S e
example: K+ — uty, g+ D<
U Vv
I'(KT — tv(y)) = (known) x (1 + Sfg) ><>< ifazem

@ use experiment +
Q similar for B (| Vs

_QCD input for determination of CKM element

) and D) (| Veais)|) mesons

Q ratios for example fi+ / f,+: statistical and systematic errors tend

to cancel.

Q 5]%1\4 Includes structure dependent EM corrections. It is needed to
relate the “pure QCD” decay constant to experiment and is currently
estimated phenomenologically.

A. El-Khadra
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semileptonic K, D, B decays

example: K9 - gx=¢Ty,

phase - U -
ko3 = (known) X < pace ) X (1+ 0y +5§{U(2)) @» P ()

|

Needed to relate “pure QCD” form
factor to experiment. Currently
estimated phenomenologically.
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A. El-Khadra

Neutral K, B mixing

Standard Model

M: AM, = (known) W BO|(’)1|BO>

also:

AM., __ MmB;
AM MBd

with é‘ — /5

AT, = G1 (Bo|O1|B)) + G3 Boyo?,\BO cos¢q+0(1/mb)

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

INT workshop, 28 Sep - 02 Oct 2015

» BY RBO
O;
d b
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Neutral K, B mixing

Standard Model

s b i
BY BO » BY BO
O;
d b
In general : SM: BSM:
5 _ (Fe ay (1.8 A O, = (b*La®) (b’ Ra’
Heﬂr — Zci (N)Oz (M) O1 = (% vuLg®) (0" vuLg") 4 (_ qﬂ) (_B q”)
i—=1 Oy = (b*Lg™) (b° Lq") Os = (b“Lq”) (b Rq®)

O3 = (b*Lq”) (b° Lq®)

Recent and ongoing LQCD calculations of K, D, and B mixing quantities
now include results for hadronic matrix elements of all five operators.
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A. El-Khadra

Simple quantities in LQCD

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

N7
“~

w weak decays - leptonic, semileptonic, mixing
4 Kaons

INT workshop, 28 Sep - 02 Oct 2015
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Kaon summary

S. Aoki et al (FLAG-2 review, arXiv:1310.8555, FLAG-3 update)

courtesy of S. Simula (FLAG-3, Vus working group)
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Kaon summary
S. Aoki et al (FLAG-2 review, arXiv:1310.8555, FLAG-3 update)

courtesy of S. Simula (Vus working group) status as of
and H. Wittig (Bk working group) mid 2015
BK
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Kaon summary

For all quantities there are results that use physical mass ensembles

errors (in %) preliminary FLAG-3 averages

fic/ - independent results (different methods)
fx A small errors due to
+ physical light quark masses
™ A AR AR R R AR AN : : :
/ + improved light-quark actions
) . . . .
57 (0) ensembles with small lattice spacings

+ NPR or no renormalization

A R — EE—

0 0.5 l 1.5
error in %
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A. El-Khadra

Simple quantities in LQCD

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

N 7
”“~

w weak decays - leptonic, semileptonic, mixing

4 D mesons

INT workshop, 28 Sep - 02 Oct 2015
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D meson summary
S. Aoki et al (FLAG-2 review, arXiv:1310.8555, FLAG-3 update)

courtesy of M. Della Morte (HQ working group)

- o, /f -
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D meson summary

errors (in %) (preliminary) FLAG-3 averages + new results

fp./fp+ wm small errors due to
fo. — + physical light quark mas§es (/D(s))
+ improved charm-quark action
f+ — + ensembles with small lattice spacings
f T(0)
P  First results for D mixing bag parameters

1
B D (all five) of local operators by ETM (2013,
2014) nr=2,2+1+1

0 | 2 3 4
error in %

e work in progress:
FNAL/MILC (J. Chang thesis), see backup
slides
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A. El-Khadra

Simple quantities in LQCD

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

N 7
“~

w weak decays - leptonic, semileptonic, mixing

<4 B mesons

INT workshop, 28 Sep - 02 Oct 2015
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Ne=24+14+1

Ne =241

N¢ =2

B meson summary
S. Aoki et al (FLAG-2 review, arXiv:1310.8555, FLAG-3 update)
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Form factors for B — D™ ¢y & V.,

dF(B;wD*E’/) = (known) ><>< (w? — 1)M2| F(w)|?
dF(BCZJDKV) = (known) ><>< (W? — 1)32|G(w)|?

at zero recoil (HFAG 2014):
B — D*/v :new|Ve| F(1) = (35.81 £0.11 4+ 0.44) 10~°

B — Dty . new|Ve|G(1) = (42.65 £ 0.71 £ 1.35) 10~

+ need form-factors at non-zero recoil for shape comparison, R(D)

A. El-Khadra INT workshop, 28 Sep - 02 Oct 2015 33



Semileptonic B-meson decay to light hadrons

//PL
Example: B — 71flu Wg_ -,
U

BY T

S

dr(lz;”g”) = (known) X | f+(q?)

‘ 2

* shape for semileptonic B decays:
use z-expansion for model-independent parameterization of g> dependence
(see back-up slide)

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

* LQCD predictions of B, — K /v form factors exist (HPQCD, RBC/UKQCD) and
more are in progress (FNAL/MILC).
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Form factors for B — D™ ¢y & V.,

FNAL/MILC (arXiv:1503.07237, PRD 2015) HPQCD (arXiv:1505.03925, PRD 2015)
1.4 q ' If ' L B I I L I UL I IR L I I IR R
L3+ fz SRNNSNS I, 5 [0 Bamarom h
_ BaBar 2009 E

L2 oo 2 Vel =402 (1.7) (1.3)103 9 :
= 1.1} p =71 : :
@) 3 1.1 “d —
EREENS. S T
= S 1 -
= 09 o | -
£ osl| g -
0.7 | 3 081 ) 1
0.6 | 5 07|~ .
|Vepl =39.6 (1.7) (0.2)10 B
05 | | | I 0'6—1IHOIHIIH2HI3HI4HI5HI6IH7HI8HI9IH10IH11H12 13

0 0.02  0.04  0.06 ¢ [GeV)

Z

 combined fit to LQCD form factors + BaBar data.

« LQCD form factor errors (~1.2%) smaller than experiment.
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Form factors for B — D™ ¢y & V.,

R. Glattauer (Belle) @ EPS 2015

FNALMILC .F [ —v— Belle 015)
1.4 1.3 —— HPQCD -
n MILC :
L3+ 12 N 1, fi . -
TN f, fit T ]
L2 N - I\\T MILC data from: [arXiv:1503.07237] T -
2 T e HPQCD data from: [arXiv:1505.03925] 7> ]
S L
(i 1— -
= 0.9 -
= S~ - PE
S 08} 0.9 ji\\ ;-/
0.7 t 085 l\[ -
0.6 | “F E
|Vcb‘ — | | |
0.0 b—— 0.7 Belle 01 1213
0 - preliminary
_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0.6 1.1 1.2 1.3 14 1.5 1.6

w

P. Gambino, global fit (Belle + BaBar + HPQCD + FNAL/MILC) @ EPS 2015:
Vel = 41.09 (95) 103

A. El-Khadra INT workshop, 28 Sep - 02 Oct 2015 36



R(D

The ratio R(D™))

B(B — DY ry,)

(*)) _

HFAG average for EPS 2015

| | | EI | E | | | | %/(‘-\ 0.5 B | T T T T | T T T T | ]
a [ —— BaBar, PRL109,101802(2012) Ay>=10 -
BaBar 52/ 045F  — Belle, arXiv:1507.03233 ]
0.440 = 0.058 + 0.042 N LHCDb, arXiv:1506.08614 _
B m— Average -
Belle 04 — —
03750064 20026 g -
i i 0.35 — -
Average - :
0.391 = 0.041 + 0.028 ' ’ ' 03— —
SM prediction E _
. : — | — —
0.297 = 0.017 ] g 0.25 - M oredict .
FNAL/MILC - N precietion P(x?) = 55% i

E i 0.2 1 ] 1 1 1 1 ] 1 1 1 1 ] 1
HPach b g 0.2 0.3 0.4 0.5 0.

HFAG i i
R(D)
| | | il | E | | | | .
02 04 06 HFAG average: combined 3.90 excess
R(D)
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Form factor for B — wlv & V

RBC/UKQCD (arXiv:1501.05373, PRD 2015) FNAL/MILC (arXiv:1503.07839, PRD 2015)
L | | | | |
- RBC/UKOCD ro+ BABAR 2012 (untagged)- 10 All expt. N,=3 fit —~
0.8 + T += BABAR 2010 (untagged) ' FNAL/MILC Lattice N,=4 fit
i a4 BELLE 2013 B (tagged) | 1 BaBar untagged 6 bins (2011) == |
+# BELLE 2013 B~ (tagged) | N Belle untagged 13 bins (2011) — <
o i +o+ BELLE 2010 (untagged) | - BaBar untagged 12 bins (2012) o
~ 0.6 - @+ This work . —~ 08 Belle tagged B® 13 bins (2013) " = |
N§° i s Belle tagged B~ 7 bins (2013) '
= ] S 06 7
S | Nc.y A %
~ 04| . = I % % .
- . | 0.4 | i % %% é%% %
, 1 Sag 0 1 3 i‘%ﬁ |
| $ 2749 | 2 Wl =3.72 (16) 103
02 | |Vl =3.61 (32) 103 : . (16) 1 \ \
i 1 0
-0.3 _(;_2 _ol_1 6 0{1 0{2 0.3 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
z z

New: First determination of |Vus/Veo| from baryon decay!
(Detmold et al, arXiv:1503.01421, PRD 2015) + LHCDb (arXiv:1504.01568, Nature 2015)

2

9max dF(Ab—WW/) 2
o |Vcb|2 15GeV?2 dg? dq o I L
RFF - ’Vub‘Z q?nax dF(Ab—)Ac,u,]/) d 2 S 1.471 1 0.094 i 0.109
7GeV?2 dq2 q
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B meson summary

errors (in %) (preliminary) FLAG-3 averages + new results

fB./fB

/B,
/B

FB—)D

(

1)

gB—)D(l)

R(D)

ff—mr (q2)

§

A. El-Khadra

I
| E—
R
I
—
I
1 :
e —— New: form factors for A, — p/Ay, — A,
I I (Detmold et al,arXiv:1503.01421, PRD 2015)
Illlllllllllllllllllll
0 2 - 6 8
error in %

INT workshop, 28 Sep - 02 Oct 2015
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A. El-Khadra

Simple quantities in LQCD

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

N

w weak decays - leptonic, semileptonic, mixing

—> CKM, BSM phenomenology

INT workshop, 28 Sep - 02 Oct 2015
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Implications for the 15t row of the CKM Matrix

- - Constraining |V.s| using FLAG-3 averages for

M \ \ K1 form factor or for fx+/fx+
: fK‘JF/fﬂ' N 3 K T

00504 |- \ The uncertainty on |V.s|? is slightly smaller than
R the uncertainty on | V.42

~alRa i il Time to revisit the uncertainty on [V,4l ?
7P

0.0496 .— i
i i Slight tension between K and K3 and for K;3
I I with unitarity prediction.

0.0492 (- S-decay —
! Y l

0.9484 0.9488 0.9492 0.9496
2
v

A. El-Khadra INT workshop, 28 Sep - 02 Oct 2015
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Implications for the 2" row of the CKM Matrix

C. Pena review @ Lattice 2015

A. El-Khadra

Ne=24+1+1

Ne=24+1

=2

N¢

non—lattice

V4l Vsl
— ETM 14 —
—{ FNAL/MILC 14 HH
| our average for Ne=2+1 |HEH
—m+— HPQCD 12A/10A i
= — FNAL/MILC 11 ——
A - HPQCD 11/10B ——
B our average for Ny =2 -
B—— ETM 13B ——

Slight tension for |V
from leptonic decay
with CKM unitarity

——@—— neutrino scattering
e CKM unitarity o

020 022 024 0.95 1.05

INT workshop, 28 Sep - 02 Oct 2015

42



4.5

4.0

3
107V |

3.5

30

A. El-Khadra

Exclusive vs. inclusive |V and |Vl

A. Kronfeld (priv. communication)

s DI Y

— 1l

Ll

= =

C

b

=

35

36 37 38

39

3
1071V |

40

41

42

43

44

45

INT workshop, 28 Sep - 02 Oct 2015

— W 1V | (1atQCD + LHCb)
— [V 1 (1atQCD + BaBar + Belle)
— |V, 1 (1atQCD + BaBar + Belle)
— V1 (1atQCD + HFAG, w = 1)
e p=0.19
— Ay =1
— Ay =2
o inclusivelV |

~30 tension between inclusive
and exclusive |Vep| and [V

New (2015):

* |Vep| from B — Dilv
* |Vup| from B — wlv
* |Vin/Ven| from Ay — plv /Ay — A by

43



UT analysis

Laiho. Lunghi & Van de Water (Phvs.Rev.D81:034503.2010). E. Lunghi. private comm.
1) 5 S S S S S

latticeaverages.org

Mid 2015

0.8

0.6}

|

0.4} :

L

oaelVel

4

p-value = 14.0%

0.0, ) _ <
-1.0 -0.5 0.0 0.5 1.0

Exclusive |Vgl, IVl (Kronfeld average)
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http://arXiv.org/abs/0910.2928

UT analysis

Laiho. Lunghi & Van de Water (Phvs.Rev.D&81:034503.2010). E. Lunghi. private comm.

10: latticeaverages.org

End 2015

0.8

0.6:
]

0.4}

ol €k+Veol /
! .;."‘ u
L D — - 0, .

ool P value = 14.0/[6 | | Vi PIX
-1.0 -0.5 0.0 0.5 1.0

Exclusive |Vgl, IVl (Kronfeld average)
+ preliminary FNAL/MILC Lattice 15 &
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http://arXiv.org/abs/0910.2928

BSM phenomenology By — pt 1™

CMS+LHCb combined (Nature 2015)

CMS and LHCb (LHC run I)
aoog__l”l Illllllllllllll

ZRl Ak EATRL: 7R

o
o

i
o o
LN LN ALY LAk

e ——

o
~

O
~

O
w

LRI rerryrend
mpaist AR

B(B° — wtu) (10-9)

O
n

SM

o
p—y

llllIllll‘ll“ll“lll]lllIllllllllllllllllll

/

lliJll/jllllllll

|
1 2 3 R 5 6 7 8

1 L1 lllllllll llllll

o

O mm

o

BB - u'u) (1079)

SM predictions depend on fs) or By
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BSM phenomenology By — pt 1™

T
B, . —) B,

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%

4.0%

uses fB, from HPQCD 13 uses BBS from HPQCD 09
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Form factors for B — K, 7w {7 ¢~

/ﬁ 14
Z,7§ - ?ﬁ
A > G

A1GF
V2

Her = ——=Va Vi > _(CiO0; + C; Oy)

)

Need 3 form factors: fy or(¢q?) <« [HPQCDfor B — K
(arXiv:1306.0434, 1306.2384, PRL 2013)

e |ow recoil (high ¢?) OPE FNAL/MILC for B — K, B —
_ _ (arXiv:1509.06235, 1507.01618, PRL 2015)

e high recoil (low ¢?) SCET

e compare theory with exp. also:

Cambridge group for B — K™, By — ¢
(arXiv:1310.3722, 1310.3887, PRL 2014)

A. El-Khadra INT workshop, 28 Sep - 02 Oct 2015 48



Phenomenology for B — K, m ¢T¢~

Experiment vs. Theory

HPQCD (arXiv:1306.0434, 2013 PRL)

0.6

Jy  w(@2S)—o— Bell VL
BABAR FNAL/MILC (arXiv:1507.01618, 2015 PRL)
05 —H— CDF 2 T T T T T T T T T T [ T T T T
T & LHCb [14] Nl Form factorsCKM s
8 o04f —e— LHCb [15] 1.8 ¢ Form factors only
= — S 16l LHCb 2015 (preliminary) —H—
S 03 F = R
s = # NQ o 14t
~ 0.2 —| —Q—) cln
m*' —H— 4\ E ]_2 B
= 0.1 F % —D— _\“\ — 1 i i |
o L P | | | | \ 3; (.8 | r===p= o= B i
0 4 8 2 16 20 24 * i
7 [GeV?] él/ 0.6 + B | 1 1
: m‘% 04 1 i
0.7 FNAL/MILC (arXiv:1509.06235) = 092 L |
"' Form factors + CKM + Others mmmm ' _# <

0.6 FormfaCtorSOIlly i :::::::::::::::::::::::1:
LHCb14 (B

05 L - LHCb14 (B%) —e— | . 0.6 .
i Babarl2 ———— I
o 8 | CDFIL | < 0.4 L /—\ |
M ; Belle09 ——— Qs 0.2 -
|—|: VBVB . ' %

dB(B — Kptp™)/dg*(1077GeV—?)

WL R 1 BN /
0.3 11 5] e ] N .
02 | PRETIT . s : 0 5 10 15 20 25
0.1 |7 f R L ¢ [GeV?]
. I ¢(28) i
0 5) 10 15 20 25
¢*(GeV)?
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Phenomenology for B — K, 7 ¢T¢~

Exp

A. El-Khadra

eriment vs. theory

LHCDb data + FNAL/MILC form factors

(arXiv:1509.00414,1403.8044, JHEP 2014)

focus on large bins above and below Ta
charmonium resonances = 200
. <
theory error commensurate with Y
. +
experiment < 150
. . T
yields ~1-20 tensions 4
— 100
= determine |Via/Vis,|Vid|,| Vis| 3
or constrain Wilson coefficients
80
D. Du et al (in preparation) 270
10 Form factors + CKM + Others mm —
Form factors only X
S t LHCD [arXiv:1509.00414] —e— | ol
L8 40
6 r is Q
L | == : 44 20
i I S] (f] 10
2 L
O L L L L L
0 5) 10 15 20 25
¢*(GeV)?

INT workshop, 28 Sep - 02 Oct 2015

D. Du et al (in preparation)

250 |

Form factors -+ CKM + Others mmms
Form factors only

LHCb [JHEP 1406, 133 (2014)| —e—

]

0 o 10 15 20 25

¢*(GeV)?

Standard Model (Du et. al.) mmmm -
LHCD [arXiv:1509.00414] —o—s

0 5 10 15 20 25
¢*(GeV)?
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Summary

Q@ simple quantities:
kaons: ~0.2-0.3% for SU(3) breaking ratios
~ 1% for other quantities
D,Ds-mesons: ~ 0.3% for SU(3) breaking ratio fps/fp
~ 0.6 % for decay constants
~ 3-5% for other quantities
B,Bs-mesons: ~ 0.7% for SU(3) breaking ratio fs/fs
~ 2% for decay constants, 1.4% for B > D*
< 5% for other quantities
—> precision will continue to improve

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

@ LQCD calculations of simple quantities have been (are being) extended to
include rare decays, BSM mixing parameters, baryon decays, ....

A. El-Khadra INT workshop, 28 Sep - 02 Oct 2015
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Conclusions & Outlook

* | attice QCD is needed to quantify nonperturbative QCD effects.

e Precise LQCD results now exist for a few quantities with errors that are
commensurate with experimental uncertainties.

e Better precision is still needed in order to maximize the impact of precision

frontier experiments.
= constrain/discover/understand New Physics

* Recent breakthrough in LQCD: availability of ensembles with physical light
guark masses. Previously dominant systematic error now subdominant
(smaller than statistical errors).

e Sub-percent precision: we need to do include QED effects (has already
started).

e LQCD calculations are being performed for many other quantities, including
the study of resonances, X' — 77, hadronic contributions to muon g-2, ....

A. El-Khadra INT workshop, 28 Sep - 02 Oct 2015 52
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A. El-Khadra

Backup slides

INT workshop, 28 Sep - 02 Oct 2015
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A. El-Khadra

Simple quantities in LQCD

\

Vus Vub
g :ﬂv B =z ¢v, B, =K £v
HY Ap —=p v
Vcs Vcb
D —K fv B) — D), D) €v
D¢ =y
Vis
BY - BY

INT workshop, 28 Sep - 02 Oct 2015
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Low-lying hadron spectrum

new results for the charmed baryon spectrum:

C. Alexandrou (ETM collaboration, arXiv:1406.4310

3.8

3.6

3.4 -

3.2

3

M (GeV)

2.8

2.6

2.4

2.2

I I
ETMC N¢=2+1+1 —@—
PACS-CS Nf=2+1 &
Na et al. Ng=2+1 —&—

Briceno et al. N;=2+1+1 —@—i

Liu et al. Ni=2+1 ¥

)

A. El-Khadra

_ 1
S = 2

sg” y %

2¢ =c E'C Qc

5

4.5

4

3.5

3

2.5

LQCD predictions

I I
ETMC Nf=2+1+1 —@—
PACS-CS N¢y=2+1 +—&—
Na et al. Ng=2+1 —&—i

Briceno et al. N;=2+1+1 —@—

A.;

INT workshop, 28 Sep - 02 Oct 2015
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LQCD Achievements: fp, time history

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

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

B — — — 3
o) :

300 - 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 INT workshop, 28 Sep - 02 Oct 2015
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LQCD Achievements: Predictions

A. El-Khadra

— -~ Form factor shape for D —=m h, ,
Qo G/ M
2-5 UL | LI | LI | LI | LI | LI | LI | LI | I II LI 5 | L | r r | L | L | o o | ' e | ' L | ' II iy
I R i N
B N 1
- Do Klv e - D-mlv W &
i .
2 — lattice QCD [Fermilab/MILC, hep-ph/0408306] I 4r- — lattice QCD [Fermilab/MILC, hep-ph/0408306] Yy
i & experiment [Belle, hep-ex/0510003] : ] | & experiment [Belle, hep-ex/0510003] i
R m experiment [BaBar, 0704.0020 [hep-ex]] | 5 A experiment [CLEO-c, 0712.0998 [hep-ex]] 4 : i
B A experiment [CLEO-c, 0712.0998 [hep-ex]] - - v experiment [CLEO-c, 0810.3878 [hep-ex]] I 1
- L5 B v experiment [CLEO-c, 0810.3878 [hep-ex] - : ] —_ 3 B : ]
2 | I ! L
“‘\+ - X 'S 1 ] "\—'_ R : |
1 : — 2 | —]
i L I b
L 4 I ] - 1 ]
1 . B | —
= 1 i L 1 |
0.5 4 - 1 -
R I B B | T
i L : L]
- I . - I ]
u | - S 1 E
0 Ll Ll | Ll | Ll | Ll | Ll | Ll | Ll | L1 1 1 | [ 0 | | Ll Ll | L] | L] | Ll Ll | | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0 0.1 02 0.3 04 0.5 0.6 0.7 0.8
qz 2 q2 2
Ds (Phys. Rev. Lett. 94:01 1601, 2005) b
*Normalization agrees with experiment plus CKM unitarity
*Prediction of the shape
also: B. mass prediction (HPQCD+FNAL PRL 2005, hep-lat/0411027)
INT workshop, 28 Sep - 02 Oct 2015
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Kaon summary: K;; example

T. Primer (FNAL/MILC) @ Lattice 2014
(update of arXiv:1312.1228)

1 ' | |
[[2 2=0.15fm K—m
® a=0.12fm + (0)
- ® a=0.09 fm
0.99}- a=0.06 fm
— chiral interp. in the cont.|
)
|
ol
< 0.98
q.‘+
0.97 preliminary
L 1 !
0.1 — 0.2
physic
am/(am,)

RBC/UKQCD (1504.01692, JHEP 2015)

1.005
1.000

0.995¢
— 0.990¢
-

N—"

e 0.985}
<+
= 0.980}

0.975}

0.970¢

0.965

==

©-  A-ensembles
¢~ C-ensembles

0.00

(

0.05 0.10 0.15 0.20

2 2
My —M,

data at the physical point (offset horizontally)
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Kaon summary
S. Aoki et al (FLAG-2 review, arXiv:1310.8555, FLAG-3 update)

fKi/fﬂi

.. f+(0)
FLTAG2015 FLCAG2015 +
:_ ‘ our estimate for Ne =2+1+1 p rel I m I n a ry T | | | | our estimate for Ny =2-+1+1
‘__|_ a FATEAC1154AA ‘-l_- FNAL/MILC 14
S @ status I | e 1c ©
z| C || —0— I\EII'IUIVIC110.1E((Sst'?atf.eerrrf.oonnl?,>2) mld 201 5 z jE‘ :l;rcjjizgt)e lf:er=2+1 ci
e | okoD 5 L =
= HEP—: 3
| o 1 .. . S
i & L~ Kaon quantities are well studied: D
g_ )_,__E_ED_ 'f.only) Q
— D; ] ] rr. only)
1 + many independent results from different groups
§ ol + using different lattice methods
< B . .
s 11e 1 ¢ with complete systematic error budgets and small errors
— FAG2015 Fre: +alli d t with h oth
: [preliminar all in good agreement with each other
Il . . g e for Ny=2+1
z + results using physical mass ensembles for all quantities |,
g =
- ¥ *FLAG-2&3: calculate averages to maximize impact 4
MItE 88 %ﬁ ! RBC/UKQCD 10B m
T e —— pons <
] HT’&C(I)D‘{UKQCD 07 N N RBC/UKQCD 07A, 08
~ our estimate for N¢ =2 HEH —— our estimate for Ny=2
I . A N 7 — S
—{—— JEL-[)NéB?TWQCD 08A bl f ‘ ETM 10A
e v . o recos
El-k 120 130 140 145 155 165 MeV ksho 02 Oct 2015 0.65 0.‘70 0.‘75 0.80 0.85



N. Carrasco
@ ICHEP 2014

Neutral D-meson mixing

A. El-Khadra

First unquenched LQCD calculation by ETM in 2013
short-distance operators only

@ ETMC: OS/MTM Mixed action

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

ETMC —y—
Nf=2+1+1

ETMC —A——
Nf=2

060 065  0.70

ETMC +——y—

ETMC [ 2 4
Nf=2+1+1
ETMC I\ —
Nf=2
070 0.75 0.80
B
ETMC ——
Nf=2+4+1+1
ETMC } A
Nf=2
085 0.90 0.95 1.00
By

Nf=2+1+1
ETMC — A
Nf=2

090  1.00  1.10

Bs

INT workshop, 28 Sep - 02 Oct 2015

ETMC [ 2 4
Nf=2+4+1+1
ETMC } A
Nf=2
090 095 1.00 1.05
Bs

3-5% precision
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A. El-Khadra

Neutral D-meson mixing

review by C. Bouchard
@ Lattice 2014

04 matrix element (r1 units)

1.3+
1.2—.
1.1—.
1.0-
0.9-.
03-
07-

0.6 -

0.5

FNAL/MILC

Short Distance DY Mixing

MILC Nf=2+1 asqtad configurations

FNAL charm and asqtad light valence

a: 0.045 - 0.125 fm
Mpi: 177 — 559 MeV

04 chiral-continuum extrapolation

O4 error breakdown

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

6

— 71T + T - 1 T ' T T 1T T T+ T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

valence mass (r1 units)

phys.pt. 0,02 0.04 0.06 0.08 0.10 0.12

valence quark mass (r1 units)

0.14

13.0 - 3.61
—~ 117 B ret. err %))"2 3.42
N . statistical
<
E\i 104 . chiral logs 3.22
N LQ disc.
< 91 M _ 3.02
 201204ms @ . analytic LECs
a0.1202ms = 7.8 [ ] Ha disc. 2.79
a0.12 0.14ms O
> \:\ LQ mass
———a0.09 0.4ms E . HQ tuning -
a0.090.2ms &
a0.09 0.14ms @ 5.2 - 2.28
a0.09 0.1ms §
a0.09 0.05ms @ 3.9 - 1.97
—— a0.06 0.4ms g
——a0.06 0.2ms (g
a0.06 0.14ms "= 2.6 - 1.61
a0.06 0.1ms
———a0.045 0.2ms 1.3 1.14
continuum
= phys. pt. 0.0 0.00

percent error (%)
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Neutral B-meson mixing

C. Davies (HPQCD) @ Lattice 2014

1.8

B (m;)
»

1.4

135

13 F

EV(Mp /Mgy

12 F

1.15 |

1.1

A. El-Khadra

mapme s WESSSEEE Cwme —— | |® physical mass ensembles (a first for B mixing)

_ l o, | |*NRQCD b quarks

. )
—— “ : | |* MILC HISQ ny=2+1+1 ensembles at 3 a’s

O,
S%SE.HMSZ | |* Renormalization: 1-loop LPT
} / ol dominates error for bag parameters
° ¢ : . . .
e calculation still ongoing
0.05 0.1 ) 0.15 0.2 0.25

125

HPQCD
0902.1815

T
vcoarse —o—

coarse —@&—

* RBC/UKQCD (arXiv:1406:6192) static limit

e also ongoing work by ETM and RBC (rel HQ)

i | * FNAL/MILC Lattice 2015: ~1.6% error on &

0.05

0.1

m]/mS

0.15

0.2 0.25
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Form factors for B — D™ /iy & Vo,

>D B—D
F7P () G (1)
1.4% —p+—O—€&=— FNAL/MILC 2014 —CO—
i 0 FNAL/MILC 10
N
% —— 1—— FNAL/MILC 08
= our average for Nf=2+1
cﬁ“ O J Atoui 13 : O
0.85 0.90 0.95 1.00 1.05 1.10

Also recent work on B; = D, form factors

For determinations of V., from B — D
decay, combine exp. differential decay
rates with lattice form factors over
entire kinematic range.

results reported by

+ FNAL/MILC (2014 & 2015)

+ Orsay group using ETM ratio method
+ HPQCD (2015) using NRQCD-HISQ
quarks

+ work in progress:
Bailey et al (SWME) using OK action

A. El-Khadra INT workshop, 28 Sep - 02 Oct 2015
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Form factors for B — D) ¢y & Vo

FNAL/MILC (J. Bailey et al, 1403.0625, PRD 2014)

h, (1)

A. El-Khadra

1

0.98

0.96

0.94

0.92

0.9

0.88

0.86

[ | [ | [ |
i small errors due to
° a=0.15fm i
a=0.12 fm - 4+ use of ratios
= 32=0.09 fm ] + .
s+ 2=0.06 fm 20?4'
v a=0.045fm 7 5dad’s, 12 ensembles
| min. my; ~ 174 MeV
] - + |attice error now same
I . Size as exp. error
- “‘v TJ_Ij E — ]
I e )
! | ! | ! |
0.1 0.2 0.3
2 2
m_" (GeV")
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The z-expansion

t=q° 1z
[z 2t tg) = Vig =1 =l = o
Vip =T+ Vi — 1o
. prne > ty = (mp £ myg)? 4
T h oz = - |-~ for kinematic
kinematic range [m7, ¢;rqz) range: jz| < 1.

The form factor can be expanded as:

1

H0= Piyatem) & o) o)

« P(?) removes poles in [z, ¢+]

Bourrely at al (Nucl.Phys. B189 (1981) 157)
Boyd et al (hep-ph/9412324,PRL 95)
Lellouch (arXiv:hep- ph/9509358, NPB 96)
Boyd & Savage (hep-ph/9702300, PRD 97)
Bourrely at al ( arXiv:0807.2722, PRD 09)

* The choice of outer function ¢ affects the unitarity bound on the ax.
* In practice, only first few terms in expansion are needed.
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Form factor for B — wlv & Vi,

0.8

S. Aoki et al (FLAG-2 review,

arXiv:1310.8555)
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Implications for the 2" row of the CKM Matrix

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

|Vcd‘2 T |VCS|2 T ch|2 =1

V| ~ 4 x 1072 = 0

1.05

Slight tension with unitarity
prediction
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review by C. Bouchard

BSM phenomenology

@ Lattice 2014

B — K™, B, — ¢t

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

: Experiment - - -
(our average)

1.2

0.8

0.4
0.2

dB/dg® (10~7 GeV~?)

A. El-Khadra
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0.6 |

\ SM
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¢* (GeV?)

~N
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0.4
0.2

SM (binned)

CNP = —-1.0, CH=1.2

| |
B = putu |

15 16 17 18 19
¢ (GeV?)

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
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BSM phenomenology

Lepton universality test: B — K,u+,u_/B — Kee™

——[LHCb —=—BaBar ——Belle

éﬁ 2_ LR LA B A L B
i LHCb
1.5E ! -
) 4 M
0.5F -
O- P T T P
0 5 10 15 20

g% [GeV?/c?

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)

~2.6 0 tension between LHCb measurement and SM prediction
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A. El-Khadra

Simple quantities in LQCD

w high precision = including QED
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Including QED

@ Need to consider strong isospin breaking effects together with EM effects

@ Strong isospin breaking in the sea is a subdominant effect (~NNLO in ChPT)
currently: isospin symmetric u,d sea: m, = my

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

@ Can use spectrum results from QCD + quenched QED in pure QCD calculations by

adjusting the valence quark masses to physical m,  ms With this the leading strong and
EM isospin breaking effects can be included.

@ To connect LQCD calculations of weak matrix elements to experiment, need to
account for structure dependent 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
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Including QED

review by A. Portelli @ Lattice 2014 and WG 1, Wednesday

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

@ EM radiative corrections :

r (7T+ — €+Vg(”y)> =TI (7T+ — €+Vg> +T (7T+ — €+Vg’y)

Proposal by Carrasco et al (arXiv:1502.00257, 2015 PRD) to calculate corrections
at O(a).
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Including QED

review by A. Portelli @ Lattice 2014 and WG 1, Wednesday

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

A. El-Khadra INT workshop, 28 Sep - 02 Oct 2015

74



Including QED

review by A. Portelli @ Lattice 2014

T i T i T IPDG T —
| ; FLAG =
R [RBC-UKQCD, 2010]
SR [RM123, 2013]
e [BMWe, 2014] (preliminary)
P—m—i IMILC, 2014]| (preliminary)
0.4 0.5 0.6 0.7
mu/md
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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)
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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]
= [NPLQCD, 2007]

1 [QCDSF, 2012]

o [RM123, 2013]

[Shanahan et al., 2012]

>

(D)

2

a 1 no beta-decay

o — experiment

=) ++ [RBC-UKQCD, 2010]
| e [BMWc, 2013] (EQ)
. —~ [BMWec, 2014]

= —~ [QCDSF, 2014]
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