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Introduction

HEP research efforts at the three frontiers are connected by the
common goal to discover and understand NP ...

Origin of Mass

Origin of Universe

rare B,K dec Unification of Forces

New Physics
Beyond the Standard Model

muon g-2

Neutrino Physics
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Introduction

... and by QCD effects:

Origin of Mass

.7‘r:|r‘x:

Origin of Universe

rare B,K dec Unification of Forces

New Physics
Beyond the Standard Model

muon g-2

% Neutrino Physics
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Introduction

... and by QCD effects:

"9y Fro, -

Higgs decay rates: |

mp, Me, and A

Weak meson/baryon decays:

hadronlc matrlx elements Origin of Universe NUC|ear eﬂ:eCtS:

Unification of Forces

1
hadronic loops

(HVP and HLbL)

nucleon matrix elements

New Physics
Beyond the Standard Model

Nuclear effects:

nucleon matrix elements
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Introduction

... and by QCD effects:

Desired information on

short-distance physics  or  fundamental parameters

Hac (BSM particles, DM, ...) (CKM, my, as, 623,...)

is hidden by hadronic/nuclear effects (nonperturbative QCD).

> need precise QCD calculations to complement
experimental measurements: Lattice QCD

_* The U®
ﬁ
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Introduction: quark flavor physics

example: B — D uty,

Experiment vs. SM theory:

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

U L)

dU'(B — wlv) dI'(B — K{T07) N Lattlce QCD
dq? 7 dg? ’
dl'(B — D{v) dT'(B — Dtv) parameterize the MEs in
dw ’ dw e terms of form factors,
Amg(s) decay constants, bag
. parameters, ...
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Introduction: quark flavor physics

example: B — D uty,

Experiment vs. SM theory:

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

Two main purposes: 1

+ combine experimental measurements with .
LQCD results to determine CKM parameters. Lattlce QCD

+ confront experimental measurements of rare parameterize the MEs in
processes or lepton flavor (universality) terms of form factors,
violating observables with SM theory using decay constants, bag
LQCD inputs. parameters, ...
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j Introduction

Rich program of ongoing/planned Lattice QCD calculations in

support of experiments at all three frontiers...

), Quark flavor physics (LHCb, Belle-2, BaBar, BES Ill, NA 62,...):
decay constants, form factors, mixing matrix elements,
amplitudes...

)- Muon g-2 (Fermilab and J-PARC experiments):

hadronic corrections (HVP and HLbL)

“Neutrino, DM experiments (DUNE, NOva, uBooNE, T2K,

MuZ2e, LZ, SuperCDMS,...):

Nucleon matrix elements

o) Higgs properties (LHC, ILC, ...):

quark masses and strong coupling
), LHC physics:
PDFs
+ ...

...aligned with the P5 physics drivers
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Lattice OCD Introduction

_ 1
Laocp = Y bp(D+mp)ps + <trF, FH

4
f
N + discrete Euclidean space-time (spacing a)
5 derivatives = difference operators, etc...

+ finite spatial volume (L)

+ finite time extent (7T)

adjustable parameters

< lattice spacing: a=>0 @

% finite volume, time: L=> o, T> L Q

% quark masses (my): My 1at = Mp exp \
tune using hadron masses 1 = Mif,phys Mud s Me Mbp

extrapolations/interpolations
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Lattice OCD Introduction

_ 1
Locp = Y bs(P+ms)s + StrF, F*

4
f
N + discrete Euclidean space-time (spacing a)
5 derivatives = difference operators, etc...

+ finite spatial volume (L)

. fiie s -
finite time extent (7) Integrals are evaluated

| numerically using monte
adjustable parameters

carlo methods.

< lattice spacing: a=>0 @

% finite volume, time: L=> o, T> L Q

% quark masses (my): My 1at = Mp exp \
tune using hadron masses 1 = Mif,phys Mud s Me Mbp

extrapolations/interpolations
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A Lattice QCD Introduction

_>a4_

The State of the Art

v Lattice QCD calculations of simple quantities (with at most one stable
meson in initial/final state) that quantitatively account for all systematic
effects (discretization, finite volume, renormalization,...) , in some cases
with

® sub percent precision.
e total errors that are commensurate (or smaller) than corresponding

experimental uncertainties.
v Scope of LQCD calculations is increasing due to continual development

of new methods:

® baryons
* nonleptonic decays (K = nm, ...)
® resonances, scattering, long-distance effects,

e QED effects
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A Lattice QCD Introduction

_>a4_

The State of the Art

v Lattice QCD calculations of simple quantities (with at most one stable
meson in initial/final state) that quantitatively account for all systematic
effects (discretization, finite volume, renormalization,...) , in some cases

with
® sub perront mrasicicg
e total er See appendix for: corresponding
experinr  ® more detailed introduction to LQCD
% Scope of LQC  ® LQCD success examples development

of new methods:
® baryons
* nonleptonic decays (K = nm, ...)
® resonances, scattering, long-distance effects,
e QED effects
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A. El-Khadra

Quark Flavor: CKM determinations

Vub \

B =z fv, B =K fv
Ap —p £V

K —=xfv

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Quark Flavor: CKM determinations

Precise Lattice QCD results with complete systematic error budgets now exist for
all these processes ™ improved determinations of the corresponding CKM
elements

Vub \

B =z fv, B =K fv
Ap —p £V
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Form factors torB — D/lv, (£ = e, u,T)

dl'(B — D uv
( o 1) _ (enown) ><>< 2 (¢%)

* calculate the form factors in the low recoil energy (high ¢2) range.

* use z-expansion for model-independent parameterization of g2 dependence.
* calculate both form factors, f+(¢%), fo(q?).

* for f4(¢*>) compare shape between experiment and lattice.

* Tensor form factor(s) are calculable in LQCD using the same methods.

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017 11



Form factors forB — D/flv, ({ =-e,pu,T)

w
151 Ll L2 L3 L4 L3 LIS9 {pOcCD (arXivi1505.03925, PRD 2015)
v : 201
| plot by R. Van de Water —HPQCD 2015 | FNAL/MILC (arXiv:1503.07237, PRD 2015)
_ — FNAL/MILC 2015
[T Belle 2015 1 . .
& O BaBar 2009 | w Two LQCD calculations

(FNAL/MILC, HPQCD)

| -4 w LQCD form factor
\ | uncertainties (~1.2%) smaller

than experiment.

1

- lattice data ' 7 extrapola}tion 1
0.5 | | N | | |
"0 0.01 0.02 0.03 0.04 0.05 0.06
<

ve LQCD form factors can be used to calculate the CKM free ratio:
B(B — Dtv;)
B(B — D/v)

R(D) =
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B— Div & ‘Vcb‘

v« combine LQCD form factors with experiment, using the BGL (Boyd, Grinstein,
Lebed, hep-ph/9508211, 1996 NPB) parameterization:

- | D.Bigi&P. Gambino —e— Belle 2015

ol (arXiv: 1606.08030,  —e— BaBar 2009 ;

| & 2016 PRD) —— HPQCD 2015 | *The form factors obtained
1] —— FNAL/MILC 2015

from the combined exp/lattice
fit are well determined over

10-

09%:

08L

Vel =40.49 (97) 1073

entire recoil range.

* Can be used for an improved
SM prediction of R(D).

0.7

0.6 I | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . .
0.00 0.01 0.02 0.03 0.04 0.05 0.06

form factors f.(z) (upper plot) and fy(z) (lower plot)

w FLAG-3 (S. Aoki et al, arXiv:1607.00299, EPJC 2017) performs a similar combined fit
using the BCL (Bourrely, Caprini, Lellouch, arXiv:0807.2722, PRD 09) parameterization.
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form tactor tor B — D*¢v at zero recoil and Ve

dF(B:wD*E’/) = (known) >< x (w? — 2| F(w)]?

HFLAV 2016: Use CLN" expression to extrapolate exp. data to w=1:
B — D*lv: new|Ve| F(1) = (35.61 £ 0.11 +0.41) x 107?

combine with LOCD calculation of F(1):

& (J. Bailey et al, arXiv:1403.0635, 2014 PRD): F (1) = 0.906(4)(12)

e "CLN (Caprini, Lellouch, Neubert, hep-ph/9712417, NPB 98) is based on the model-
independent z-expansion (just like BGL, BCL), but then add model-dependent
assumptions about the parameters
= reduces the error from the extrapolation

e | QCD form factor data for B — D™ at nonzero recoil are not yet available.

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Exclusive [V

3

FLAG2016 | |Vcb|IX10 |
" —— B— D¢v
U
Zq_ H—l—H B—>D*fv
AN

I o B— Dfv
prd
3 ~30 <P
_‘f —o— HFAG inclusive
C

e . . . . .

36 38 40 42 44 46

A. El-Khadra
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Exclusive [V

IVepIx 103
New BELLE measurement of B — D*
+ = B=Div decay with CLN extrapolation to w=1
I .
Zl T m B—D " ¢v and lattice F(1) (arXiv:1702.01521)
o
Two new theory analyses:
TL 5 B— D¢y ® Bigi, Gambino, Schacht (arXiv:1703.06124)
= ¢ Grinstein, Kobach (arXiv:1703.08170)
8 ~30 <P Both use new Belle data and BGL
s —e— HFAG inclusive together with lattice F(1).
36 38 40 42 44 46

» Difference between the new CLN and BGL results hints at possible bias.
e Need lattice form factor data for B — D at nonzero recoil:
combine with experimental data using BGL (same as for B — D)

+ improve precision and perhaps resolve exclusive/inclusive tension
.... in progress (FNAL/MILC, HPQCD, RBC, LANL/SNU)

. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017



BSM phenomenology: LFU 7/¢

HFLAV (EPS 2015)

B(B — D¥rv,)

R(D™) =

B(B — D™ {v)

| i i | I I A~ | T T T T T T T T T T T T I T T T T |
: § % (05| — BaBar,PRL109,101802(2012) ) _
BaBar : : e -~ = Belle, PRD92,072014(2015) Ay~ = 1.0 contours -
E ] Y, - LHCb, PRL115,111803(2015) SM Predict -
0440 = 0.058 = 0.042 i i 045 Belle, PRD94,072007(2016) = redictions =
E E " =——— Belle,PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) 5
i 5 [ ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) -
Belle 04 [0 Average R(D*)=0.252(3) S. Fajfer et al. (2012)
03750064 0026 i - -
i i 035F .- Y
Average i i C 1.1 -
0.391 x0.041 = 0.028 : — T | 03 ] g ™
SM prediction 0.25 _ ]
0.297 + 0.017 T E l m
Bigi & Gambino - FPCP 2017_| 2
FNAL/MILC 0.2 B I [ [ [ [ I [ [ [ [ I [ [ [ [ [ IP(XZI) =’I71.6|70 ]
HPQCD

0.2 0.3 04 0.5 0.6
HFAG R(D)

: :

I | I | I | I I . .
02 04 0.6 HFLAV 2017 average: combined 3.90 excess
R(D)
A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017

17



form factors for B — nlv & Vi

26 .4 25 20 15 10 5 0
I I I I I I I
] — RBC/UKQCD 2015
i, £ — FNAL/MILC 2015 (arXiv:1501.05373, PRD 2015)
1S N 0 —
L FNAL/MILC (arXiv:1503.07839, PRD 2015)
\Q§ I
\\ .
] : N w FNAL/MILC & RBC/UKQCD
~ : .
0.5 “SQyi  zextrapolation - form factors are in good
, agreement.
lattice data  + U S Sm——
plot by R. Van de Water: |
1 0

-(9.3 0.2 0. 0.1 0.2 0.3

V4
w Two independent LQCD predictions for B, —K{v form factors
(HPQCD, arXiv:1406.2279, PRD 2014; RBC, arXiv:1501.05373, PRD 2015)
+ ongoing work by FNAL/MILC (see Z. Gelzer talk @11:21 in Curia Il)
and others (see Lattice 2017 talks by ...)
w also: LQCD results for form factors for rare (B —K, ) decays:

FNAL/MILC (arXiv:1507.01618, PRL 2015,arXiv:1509.06235, PRD 2016)
HPQCD (arXiv:1306.0434, 1306.2384, PRL 2013)
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form factorsforB — nlv & V.,

26.4 25 20 15 10 5 0
0.005 T | T | 1
O BaBar untagged (2012)
0 BaBaruntagged (2011) (arXiv:1501.05373, PRD 2015)
0.004 - < Belle tagged B (2013) | ~ ENAL/MILC
2 > Belle tagged B” (2013) (arXiv:1503.07839, PRD 2015)
s gge
IVubl (I-q/ mB*)f +  Belle untagged (2011)
0.003 | - ; -
lattice data >
0.002 - =——— X 4 'z extrapolation V.l =3.72 (16) 1073
P ~I Q g:; A
0.001} oo -
,Lplot by R. Van de Water : | |

0.3 -0.2 -0.1 0 0.1 0.2 0.3
Z

w shape of f; agrees with experiment and uncertainties are commensurate
w fit lattice form factors together with experimental data to determine |V,,| and
obtain form factors (f: fo ) with improved precision...

w similar analysis for |Vus/Ves| from Ap decay with LHCDb (arXiv:1503.01421, PRD 2015;
arXiv:1504.01568, Nature 2015).

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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08 F fo RBC/UKQCD 15

B(¢*)é(a*) f(¢?

form factors for B — nlv & Vi

FLAG2016

| I [ I |
fo BCL fit

f+ BCL fit

f+ FNAL/MILC 15
f+ RBC/UKQCD 15
fo FNAL/MILC 15

S. Aoki et al (FLAG-3 review,

L0 () } f+ HPQCD 06
arXiv:1607.00299, 2017 EJPC)

BaBar untagged 6bin

Belle tagged 13bin
0.6 - Belle untagged 13bin
' Belle tagged 7bin

iy H
R ii%iﬁﬁi%_

I I I I |
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Z (q2 3 topt )

} BaBar untagged 12bin

S

v shape of f. agrees with experiment and uncertainties are commensurate

w fit lattice form factors together with experimental data to determine 1V,;| and
obtain form factors (f: fo ) with improved precision...

w similar analysis for |Vus/Ves| from Ap decay with LHCDb (arXiv:1503.01421, PRD 2015;
arXiv:1504.01568, Nature 2015).

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Exclusive vs. inclusive |Ves| and [Vi)

HFLAV (summer 2016)

| | | | | | | T | | |
— B—=Dlv — -
B B—=mlv B D*fl!/ l _
451 Ap=puv : Inclusive -
B Average 68% C.L. ZEro recol V I GGOU l _
| 2_ ub' -
N B Average =] V' I: global fit in KS -
3.5 :— —
30 m—_
C Summer 2016 | |
251 RO =T4%
34 42 434
V11107

~30 tension between inclusive and exclusive |Ve| and | Vil
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UT analysis

Laiho, Lunghi & Van de Water (Phys.Rev.D81:034503,2010), E. Lunghi, private comm.

February 2016

Using exclusive |V 1Vl
+

0.8
| ¢ from FNAL/MILC 2016

0.6

3|

04

fegrvee L a

C v \>
ub
p—value = 7.4% V. | BR(B->1v)+AM;
s

ook — excl

-1.0 -0.5

0 1.0

0.0
Small allowed region! P
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http://arXiv.org/abs/0910.2928

Quark flavor: tensions

B)-meson mixing, B — K, n¢T ¢~ and By — putp~

FNAL/MILC (arXiv:1602.03560, PRD 2016)

v,,1 % 10°

v, 1 x10°

H

o
I I N

H

-

AMq:

FNAL/MILC
PDG

CKM unitarity:
full

tree

7 8 9 3

|
5 39 43

V., 1Vl

B-K(muu~ |

)

[

HH

—t—
1 1 1

0.18 0.19 0.20 0.21 0.22 0.23

unitarity.

~20 tensions between loop processes and CKM

A. El-Khadra

D. Du et al (arXiv:1510.02349, PRD 2016)

Constraints on Wilson
coefficients (Co, Cio)

Re(CiF)

_ -

B-(K,t
B _§W JHE ]B-X,ll

b-s
Cages” IR
-3 -2 -1 0
Re(Cy")

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Quark flavor: Kaons - long distance eftects

X. Feng (review @ Lattice 2017)

@ K — 7w decays and direct CP violation

ey 00

Final state involves wmr (multi-hadron system) Re[€'/e] = 1.66(23) x 107>

| RBC/UKQCD (2015 PRL):
Re[€'/e] = 0.14(52)gtat (46) syst x 107

R — "

cf. experiment:

@ Long-distance contributions to flavor changing processes

» AMy and ek _
Ko@) W% “’C’t§W (3@

» Rare kaon decays: K — vv and K — w4~

~20 tension

Ongoing work by
RBC/UKQCD.

Hadronic matrix element for bilocal operators

| (AT @:(0)])i)

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017 24



Charged Lepton Flavor: muon g-2

:
N

+ muon anomalous magnetic moment: @, = F5(0)

1ot qy
F>(q°) | u(p)

= (—ie)u(p) [v”’Fl(CIQ) T o

* is generated by quantum effects (loops).

e receives contributions from QED, EW, and QCD effects in the SM.

® s a sensitive probe of new physics.
+ QED + EW correction are known precisely:

da P x 10" =0.08  da," x 10" =1

+ QCD corrections are the dominant source of error in the SM prediction:

5@2"“1 %< 10 N

(Davier et al. 2011, Hagiwara et al 2011, Kurz et al 2014, Prades et al 2009, Colangelo et al 2014,
Jegerlehner 2015, Benayoun et al 2015,...)

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Charged Lepton Flavor: muon g-2

Experiment vs SM theory

II|IIII|IIIIlIIII|II[I|IIII,IIII

DHMZ —A—i
180.2+4.9

HLMNT .
182.8+5.0

BNL-E821 04 ave.
208.916.3

New (g-2) exp.
208.9+1.6

T. Blum et al. (arXiv:1311.2198)

T T T T A

L

Y

|
Illllll

II|IIII

Illllll

140 150 160 170 180 190 200
a,-11 659 000 (107°)

210

220 230

Fermilab g-2 experiment:

+ reduce exp. error by a factor of 4

+ first result with “Brookhaven level”
statistics expected in 2018.

+ Commissioning of beam, “wiggle party”.

J-PARC experiment:
+ complementary, different exp. method
4+ expect measurement at 0.3-0.4 ppm level

Need to reduce and better control theory errors of the hadronic corrections:

Hadronic Vacuum
Polarization

A. El-Khadra

Hadronic
Light-by-Light

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Hadronic vacuum polarization

u

+ Target: ~0.2% total error

+ Dispersion relation + experimental data for eTe~ — hadrons (and t data)
e current uncertainty ~0.4-0.5%
® can be improved with more precise experimental data

* new experimental measurements expected/ongoing at BaBar, BES-III,
Belle/Belle-II, CMD-3, SND, KLOE,....

+ Complete lattice QCD results by several groups. First with ~1.8% total
error by HPQCD. LQCD calculations need to

see R. Van de Water talk
* be based on physical mass ensembles

(Wednesday, 2:42pm, Curia Il)

e ———

¢ include disconnected contributions

* include QED and strong isospin breaking corrections (my # ma)

¢ include finite volume corrections

+ Compare intermediate quantities (moments, Taylor coefficients) with R-ratio
data.

4+ Hybrid method: combine LQCD with R-ratio data (Lehner @ Lattice 2017)

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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A Hadronic vacuum polarization

Hybrid method: combine LOQCD with R-ratio data
(C. Lehner @ Lattice 2017)

LQCD calculations of HVP are still much less precise than dispersive method.
But comparisons between R-ratio and lattice data are already useful.

(C. Lehner @ Lattice 2017)

T T e Convert R-ratio data to Euclidean
RBC/UKQCD 2012 | | -

ETMC 2013 |- . ,\\ _ correlation function (via the dispersive
HPQCD 2016 - —%— Q\ . integral).
MW 20'\:'3"(]2 201b7) i | ) E & 1 Compare lattice/R-ratio data (after
unpu B 7 . .
P 1 adding all the corrections and

RBC/UKQCD 2017 (unpub) \&\

Hagiwara et al. 2011 |- - - extrapolating to continuum, infinite
Davier et al. 2012 - @\/ HH . volume).
DHMZ 2016 |- Q\ HH - .
KNT 2017 |- Q N e Use R-ratio data where LQCD errors are
Jegerlehner 2017 | H - large and vice versa.

No new physics |- = 1 e Potential for obtaining HVP with reduced

580 600 620 640 660 680 700 720 740 error.
HVP LO , A10
a, 10

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017 28



Hadronic Light-by-light

Hadronic light-by-light:

4+ Target: s 10% total error

4+ current estimate “Glasgow consensus” based on different QCD models
4+ theory error not well determined and not improvable

Dispersive approach:

4+ more complicated than for HVP
(Colangelo et al, arXiv:1702.07347; Kubis et al, 2012, 2014, Hoferichter et al, 2012, 2014;
Hanhardt et al, 2013; Pascalutsa et al, Pauk et al, Danilkin et al,...)

4+ combine with exp. data and/or LQCD calculations

Direct lattice QCD calculations:

4+ QCD + stochastic QED
(Jin et al, arXiv:1610.04603, 2016 PRL; arXiv:1705.01067)

+ QCD + exact QED kernel
(Asmussen @Lattice 2017; Green et al, arXiv:PRL 2015)

4+ dominant contribution from pion pole (transition form factors)
(Gerardin et al, arXiv:1607.08174, 2016 PRD; Lattice 2017)

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Hadronic Light-by-light

Breakthrough (RBC/UKQCD):
First LQCD calculation of connected and leading disconnected

contribution with good statistical significance (T. Blum et al, arXiv:1610.04603,
2017 PRL).

a, " = (5.35 £1.35) x 107

+a=0.11fm, L = 5.5 fm, physical pion mass, statistical error only.

+ systematic error analysis (finite volume, continuum limit, ...) in progress.

4+ also: recent work (arXiv:1705.01067) yields exponentially suppressed FV

errors.
Mainz group: progress @ Lattice 2017

4+ First numerical tests of formulation for direct calculation (Asmussen)
4+ New results for the pion transition form factor (Gerardin)

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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A. El-Khadra

Muon g-2 Theory Initiative

e Steering Committee:
Gilberto Colangelo, Michel Davier, Simon Eidelman, AXK,
Christoph Lehner, Tsutomu Mibe (E34), Andreas Nyffeler, Lee
Roberts (E989), Thomas Teubner.

* The goal of the initiative is to bring the different communities
are engaged in hadronic muon g-2 theory together to
facilitate interactions, compare and assess the status of the
various efforts and map out a strategy for obtaining the best
theoretical predictions ahead of major experimental

announcements.
* First Workshop took place at Fermilab (3-6 June 2017). The

second workshop will be in Mainz (18-22 June 2018).
* see the appendix for more information.

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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https://indico.fnal.gov/conferenceDisplay.py?confId=13795

3-6 June 2017 Q Center

US/Central timezone

66 registered participants, 40 talks, 15 discussion sessions (525 minutes)
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A. El-Khadra

Nucleon matrix elements

* Needed for neutrino and dark matter experiments:
Neutrinos and DM particles (in direct detection experiments)
scatter off nucleons in nuclear targets.

* Needed matrix elements depend on the underlying quark-
level interactions:
e axial current (charged and neutral) for v’s
* scalar,... currents for DM

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Nucleon matrix elements: g4

axial charge:
ga = Fa(0)

+ Several “complete” LQCD calculations.

PDG17¢

CalLat17B}
CalLat17A}
PNDME16}

LHPC17}
QCDSF13}
fQCDSF13}
RBC/UKQCDO08 |
LHPCO5 |

CLS17¢
ETMC17}
ETMC15}

"RQCD14}

CLS12¢

Jason Chang (priv. comm), Lattice 2017

| |
experimental value

Ny=2+1+1

Ny=2+1

Ny =2

il

il

F

1.10 1.15 1.20 1.25

gA

1.30

1.35

+ Recent Callat result (arXiv:1704.01114) with small errors in good

agreement with exp.

A. El-Khadra

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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A. El-Khadra

Nucleon matrix elements

* Needed for neutrino and dark matter experiments:
Neutrinos and DM particles (in direct detection experiments)
scatter off nucleons in nuclear targets.

* Needed matrix elements depend on the underlying quark-
level interactions:
e axial current (charged and neutral) for v’s
* scalar,... currents for DM

* Nucleon matrix elements then are used as inputs to
* event generators (for example, GENIE)
* Nuclear effective field theory

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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A. El-Khadra

Nucleons to Nuclei

A. Kronfeld (priv. comm)
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Nucleons to Nuclei

/. Davoudi @ Lattice 2017

( )

Barnea et al (2015 PRL)
0- ; ~ < x - : -
ol | | , | LQCD
20 0* , | EFT
- 40} —50 ‘
_eol 4 _
S > | uUn, —
3 -80 S _100 No —
3 - 100} 0" Ué [
~ 120} :, \/ :
a/
150 lQqt,
- 140} C?Z/O/7
~160} d nn "Hc "Hc r — p/\ 0
-my; = 800 MeV Se//y
s=0 -200 - L L I 1 l ZL/C)/‘7 |
nn d SHe/’H  “He  SHe/Li  °Li
L J

Many-body calculations

>| of nuclei and hypernuclei

[ QCD input

_>[ Few-body EFT interactions

(Contessi et al, arXiv:1701.06516)

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017



Higgs decays

Aarti Veernala (FNAL/MILC) @ Lattice 2017

Uncertainties in Higgs Branching Ratios and
total widths are dominated by parametric
uncertainties from as, me and my,

D scale +
EW corrections

.

QCD ’s/aa/
EW correctio

QCD scale +
W corrections

Al'sm(H—bb):
~3% total err.

Al'sm(H—gg):
~6% total err.

Al'sm(H—cc):
~6% total err.

Need to improve parametric uncertainties in order to make use of
measurements at future colliders (HL-LHC, ILC,...)

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Higgs decays

Aarti Veernala (FNAL/MILC) @ Lattice 2017

s (MZ) Mme
FNAL/MILC (2017 Preliminary) m <+— Qur result ;
5 FNAL/MILC (2017 Preliminary) ¢ <«—  Our result
HPQCD (cc) (2014)
: ;\"_f 2+1+1 HPQCD (2015) b N;y=2+1+1
ETM (2014) | ; .
: Carrasco (2014)
ALPHA (2017) 1 |
HPQCD (2010 _
HPQCD (cc) (2010) é. QCD (2010) | Ny=2+1
HPQCD (Wilson) (2010/2008) il Np=2+1 ,
5 . | Ny=2
. ' Blossier (2010) g
Maltmann (Wilson) (2008) iw L L L L L . -
é 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
PACS-CS (2009) 1 . mc(m.)
0.08 0.09 0.1 0.11 0.12 0.13 0.14
as(M;)
New precise results for as and m., which will improve with inclusion of
more ensembles at finer lattice spacings.
A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017

39



Summary: quark flavor physics

(BYJ0AP=2|BY)
(D°0AC=2( )
Br
B D)
13

K—m Bsgp *°°
T f+,0,T

Tk+ fBr) vus

(inspired by
A. Kronfeld)

LQCD
flagship

results

A. El-Khadra

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Summary: quark flavor physics

0| NAB=2| »0
(BJlOF"=7|By) Kaon summary
(D02 DY)
B For all quantities there are results that use physical mass ensembles
K errors (in %) FLAG-3 averages
fB_)D(*) llllllllllllllllll
+,0 fx+/frx
K—om B—m
+ f—l—,O,T
S =
Sr=+ fB(S) ¢ oo
[ S ————
J FET0)  p—
Br e
IIIIIIIIIIIIIIIIII
LQCD 0 0.5 1 L5
in %
ﬂagsh|p CITOT 1N
e B ———
results

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017



Summary: quark flavor physics

(BY|OAE=2|BY)
(D°|OAC=2| DY)

A

Bk
fB+D“>
+,0
K—om B—m
+ f—l—,O,T

Sr=+ fB(S) ¢ oo

4

LQCD
flagship

results

A. El-Khadra

B-meson summary

errors (in %) FLAG-2/3 averages + new results

-
fB./fp

IIIIIIIIIIIIIIIIIII

st I_
5 ' Several quantities where
—.' lattice errors are |
B D* ' commensurate with
];_m (1) .I experimental uncertainties
—+ (LU) -I | — ——
R(D) [ [
T (g?) .
f !
I | l:l | I L1 11 I | I I | I | I | I |
0 2 4 6 8
‘\:rror in %
goal

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017




Summary: quark flavor physics

— 01 NAB=21 10 (inspired by
<Bq‘0i |BQ> A. Kronfeld)
(D°|0PC=2| D)
Bk B—- K% — Krnbtv .,
B—D™) AM
I+ oo Kt > 0tv(y) ..
K T o o o _
e L (mm(1=0)| H*"=HEKP)

frc fBy oo (T (=2 LK)

Kt = atete

K™ = 1 ub
>

* A

‘ Complexity

LQCD First complete First results,

flagship LQCP results, physical params,

results large(ish) errors incomplete
systematics

new methods,
pilot projects,
unphysical
kinematics

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Summary: lepton flavor physics

>

(inspired by
A. Kronfeld)
gr, gs
) EDMs MEs of light nuclei..
(N|ss|N) oxnN
ga FSC(g%) FY°(q°) vN = N A, N1 ...
HVP LO HLbL (NNIOINN) .
a a
u 0
* A ‘ Complexity
First complete First results, new methods,
LQCD results, physical params, pilot projects,
large(ish) errors incomplete unphysical
systematics kinematics
A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Summary

v¢ Lattice QCD calculations are driven by the needs of the (high
energy) experiments and provide essential support to them.

v« Access to adequate computational resources is essential to the
continued success of the LQCD efforts!

v« Recent progress is due to access to Petascale computing
resources and many creative solutions to the varying challenges of
these complex computations.

v For the many topics | didn’t cover: See the talks at the Lattice
2017 conference:  http://wpd.ugr.es/~lattice2017/

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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w Gauge field ensembles with light sea quarks at their physical masses are
being used in a growing number of LQCD calculations.

w will need to include
+ structure-dependent QED effects
> program being developed for kaon quantities, muon g-2
extend to B-meson quantities

w Calculations of an increasing number of quantities (muon g-2, nucleon matrix
elements, resonances,...) will become “LQCD flagship” results.

w While new quantities are added (inclusive decays, multi-hadron states, ...)

Amala Willenbrock
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‘ : Lattice OCD Introduction

_>a4_

. -\ _g : v [ NV DR
()~ [DUDIDAOW, b, 4)¢* S= [z [pp+myv + 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, O, are then written in terms of ({p+m)! and gluon fields.

steps of a lattice QCD calculation:

1. generate gluon field configurations according to det(D+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 DPF 2017, Fermilab, 31 Jul - 04 Aug 2017 48



A Lattice OCD Introduction

systematic error analysis

...of lattice spacing, chiral, heavy quark, and finite volume effects

is based on EFT (Effective Field Theory) descriptions of QCD
—> ab initio

e finite a: Symanzik EFT

e |ight quark masses: Chiral Perturbation Theory
® heavy quarks: HQET

e finite L: finite volume EFT

* need large enough L and small enough a and simulations
with several a, L, ...

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017 49



A Lattice OCD Introduction

_>a4_

discretization effects — continuum extrapolation

* typical momentum scale of quarks gluons inside hadrons: ~Aqcp
* make a small to separate the scales: Aqgcp « 1/a

. Symanzik EFT:  (O)™ = (0)°™ + O(aA)" =

Q@ provides functional form for extrapolation (depends on the
details of the lattice action)

@ can be used to build improved lattice actions

@ can be used to anticipate the size of discretization effects

e to control and reliably estimate
the error, repeat ... L I

a (fm)

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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A Lattice OCD Introduction

_>a4_

ight quark mass effects

Simulations with muigh = 1/2 (m, + m4) at the physical u/d quark masses are

now available, but they are computationally expensive and many still have
Miight > 1/2 (My + Ma)phys

Chiral Perturbation Theory (yPT) can be used to extrapolate/interpolate
to the physical point.

@ Can include discretization effects

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

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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chiral-continuum extrapolation

Example: Set of ensembles by MILC collaboration

S(X) I I I I I I I I I I I I I I 1 I
MILC np=2+1+1 —
in progress
400 — @® planned —
~
> 300 |- ® ¢ © O O _
=
— @) e
El—'s’ 200 I © @ ]
100 — —
0 1 l 1 l 1 l 1 l 1 [ 1 l 1 l L l

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 DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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A. El-Khadra

: Lattice OCD Introduction

_>a<_

combined chiral-continuum extrapolation

Sm I I I I I I I I I I I I I I I I
- MILC = 2+1+1 @ compie:
in progress
400 — @® planned ]
~
> 300 |- ® ¢ © O O _
=
N’ O
B 200 - © © @ ]
S
: _
100 — —
O L l I l I l I l L I L I L I L I L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.1&
a (fm)

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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A. El-Khadra

_>a<_

Lattice OCD Introduction

combined chiral-continuum extrapolation

500

I ' I ' I

- MILC = 2+1+1

| I | I |

| L |

@ complete
in progress

® planned

0.02 0.04 0.06 0.08 0.1

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017

a (fm)

0.12

0.14

0.16

0.1¢

963 x 192
a=0.06fm
L=581m

~660 confs
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A Lattice OCD Introduction

_>a4_

finite volume effects

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

If Lis large enough, FV error ~ ¢=™= L

Q@ keep m,.L >4
To quantity residual error:

@ include FV effects in yPT
@ 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.
= “simple quantities”:
no more than one stable hadron in initial/final state

If QED is included, FV effects also become more complicated...

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017



Heavy Quark Treatment

e For light quarks ( m¢ < Aqcp ), leading discretization errors  ~ oz’s“(aAQCD)”

* For heavy quarks, leading discretization errors ~ a?(amh)”
with currently available lattice spacings

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

—— > need effective field theory methods for b quarks
for charm can use light quark methods, if action is sufficiently
improved

* avoid errors of (amp)" in the action by using EFT:

+ relativistic HQ actions (Fermilab, Columbia [aka RHQ], Tsukuba)
+ HQET
+ NRQCD

or

e use improved light quark actions for charm (HISQ, tmWilson, NP imp. Wilson,...)
and for b:

+ use same LQ action as for charm but keep amp <1,
+ use HQET and/or static limit to extrapolate/interpolate to b quark mass

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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LQCD success: spectrum

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

0P 53 pBeg P n B
2500 — T T
B -
2000 |- — o -
- —o B mesons offset by —4000 MeV
i %sjo
1500 |- i -
= - e 4,
O . T oim qﬂ
2 | -
1000 [~ - o —
| . T .
500 |- oofa = -
-
0 I N N U NN NN SR NN N R L
T p K g M oy ®© ¢ N A I E A v = Q
7T...Q2: BMW, MILC, PACS-CS, ;-1 ,

D, B: Fermilab, HPQCD, Mohler-Woloshyn

A. El-Khadra

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017

, Hadron Spectrum (w);
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FLAG review of |
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A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017

B-meson quantities

S. Aoki et al
(FLAG-3
review,

arX1v:
1607.00299,
EPJC 17,
web update)
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FLAG review of |

B-meson quantities
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A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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B-meson summary

errors (in %) FLAG-2/3 averages + new results
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A. El-Khadra
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S. Aoki et al (FLAG-3

review, arXiv:1607.00299,
EPJC 17, web update)



http://arxiv.org/abs/arXiv:1607.00299

Kaon summary

For all quantities there are results that use physical mass ensembles

errors (in %) FLAG-3 averages

fx+/fr v
fK [ —
Jx —

0 0.5 l 1.5
error in %

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Leptonic B-meson decay

Example: BT — 771

I’(BjL — T+V7-) = (known) X f%

@ use experiment + LQCD input for determination of CKM element or to
search for new physics.

@ SU(3) ratio 5,/ fB,: statistical and systematic errors tend to cancel.
@ Decay constants are also needed for rare leptonic decay, Bsa) —uu.

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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B decay constant summary

S. Aoki et al
(FLAG-3 review, arXiv:
1607.00299, EPJC 2017)
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end 2015

+ new results by ETM (arXiv:1603.04306, 2016 PRD)

+ ongoing work by
FNAL/MILC (Komijani @ Lattice 2016),
RBC/UKQCD, ...

m expect to reduce errors on fz, fzs to = 1%

milab, 31 Jul - 04 Aug 2017
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g Rare leptonic decay B, — u™

ot
By . —) 3,

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

LQCD decay constant Bs mixing measurement +

LQCD bag parameter

B(B, =3 x 107
(Bs — ™) = 3.53(11)(9)(9) x 10 B(B. - it~ ) = 3.22(22)(6) x 10~°

FNAL/MILC (arXiv:1602.03560)

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017



@ BSM phenomenology Bygy — ™ p™

CMS+LHCb combined (arXiv:1411.4413, Nature 2015) and ATLAS (arXiv:1604.04263)
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Q i I
m L _

0.2 -

i Contours for -2 Aln(L) = 2.3, 1 ~
—O.Zk\ 6.2, 11.8 from maximumof L  _| Ii
_|||||.||||||| |||||\|||||||\||||_ +i
0 1 2 3 4 ) 6 7 ;
B(Bs — ur u)[107°] o
)
g
an
SM predictions depend
onN fp(s) Or Bp,
A. El-Khadra DPF 2017, Fermilab, 31 Jul -

exp. measurements
consistent with SM
expectations, but with
ample room for NP.

new LHCb (arXiv:1703.05747,

2017 PRL; De Bruyn @LaThuille 2017):
x10~

LHCb

x10~

3
BF(B — u*u)
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The z-expansion

t = q2
! 2(t,ty) = Vit vl T
Vi i+ -t
L prrrnee > ty = (mp £ my)?
I
kinematic range [m7, ¢%,.]

_--"" for kinematic

range: |z| <.

Bourrely at al (Nucl.Phys. B189 (1981) 157)
Boyd, Grinstein, Lebed (hep-ph/9412324,

. PRL 95; hep-ph/9504235, PLB 95; hep-ph/
The form factor can be expanded as: 0508211, NPB 96, hep-ph/0705252. FRD 97)
Lellouch (arXiv:hep- ph/9509358, NPB 96)
1 Boyd & Savage (hep-ph/9702300, PRD 97)

f(t) = Z ay (to)z(t, o) Bourrely at al ( arXiv:0807.2722, PRD 09)

P(t)¢(t7 tO)

k=0
* P(¢) removes poles in [z, t+]

* 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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B, — D,

v¢ new LQCD form factors from HPQCD (Monahan et al, arXiv:1703.09728)

L3 I ' - - - 7 % 5 MILC asqgtad (2+1) ensembles

Lol + ol - two lattice spacings

N i o B R NRQCD b and HISQ charm
z e 4 Fl quarks
E Lo LY E B O(a) improved current matched
E 0918 ug - through O(as, A/my, asa/my)
£ "8 g

0.8F  fo 1 % R(Dy)=0.301 (6)

0.7¢ .. * combine results with previous

ol | | | | o ] HPQCD calculation of B—D

0.00 0.01 0.02 0.03 0.04 0.05 0.06 form factors to obtain ratios

- used for f/fa.

Consistent with previous results by FNAL/MILC (Bailey et al, arXiv:1202.6346, 2012 PRD)
and ETMC (M. Atoui et al, arXiv:1310.5238, 2014 EPJC).
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A. El-Khadra

BSM phenomenology: LFU 7/

D. Du et al (arXiv:1510.02349, PRD 2016)

1 _l 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 |_
i /BeDev T
(@\]

> 08 1 -

(D]
O i i
0.6 -
L i i
o i i

O
> 04 —
(@\] | _]

o
Q — _
= 02| -
o L _
0 __ | | [ I\"l"l [ | L1 1 | | |~I~II~’ |__

)

2 4 6 8 10 12
q> (GeV)

* A shape comparison using (ratios of) differential or binned decay

rates to compare theory and experiment would provide useful
insights.
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BSM phenomenology: LFU 7/¢

D. Du et al (arXiv:1510.02349, PRD 2016)

- B(B — m1v;)
R = = 0.641(17

SM prediction for R(7) BB = i) (17)
S 8
=
S T
s 0 Uses the form factors from
T 5t the combined LQCD + exp.
§ 4 | fit to dB(B —mlv)/dg>
N
T2y
Y
SEN ' ' ' ' '

0 5 10 15 20 25

¢*(GeV)?

Hopefully to be measured by Belle Il
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o

Rare semileptonic B decay

_|_

/€+ 14
Z,7§ -, ?ﬁ
s

W K* —p- B*(@ @i K*
4G

Hes :——V*V;bZC

Q3

Parameterize the amplitude in terms of the three form factors f, o.7(¢*):

A(B — Pt) ~ CM fr + (CS™ + Chp) f+ + nonfactorizable terms

/

see Hurth talk
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| fa ——
ST fo D
HPQCD 13 (LQCD) ——
25 | Khodjamirian 10 (LCSR) —=—
21 z extrapolation !
; - ;
. 1.5 +
f+i
1 i 1
0-5 P ' |attice A
: L 1 A E datla
0 5 10 15 20
q2(GeV2)

| fr ——
3t HPQCD 13 (LQCD) ——
Khodjamirian 10 (LCSR) ———
2.5
2t z extrapolation
< :
1.5} :
Jr
1 | 1
0.5 ' lattice
+ data
O 1 1 1 1 1
0 5 10 15 20
¢*(GeV?)

form factors for B — K ¢/

HPQCD (arXiv:1306.0434,
1306.2384, PRL 2013)

FNAL/MILC
(arXiv:1509.06235, PRD 2016)

w Two LQCD calculations (on overlapping ensemble sets, different valence actions):
HPQCD (NRQCD b + HISQ), FNAL/MILC (Fermilab » + asqtad)

w consistent results for all three form factors

w also consistent with LCSR (Khodjamarian et al, arxiv:1006.4945, JHEP 2010)

v Note: First LQCD calculation of Ay — A £ ¢~ form factors (10 total)

(see Meinel talk)

A. El-Khadra
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e form factors for B — w £¢

(arXiv:1501.05373, PRD 2015)

FNAL/MILC (arxiv:1503.07839, PRD 2015) FNAL/MILC (arxiv:1507.01618, PRL 2015)
0.005— i I ! l 1 0.6 . . . . .
O BaBar untagged (2012) 9 9
0 BaBar untagged (2011) 05+ (1 — M£4.
0.004 |- < Belle tagged B’ (2013) | ( q / B )fT
g 2 > Belle tagged B™ (2013) 0.4
[ IVubI (]'q /mB*)f+ ' Belle untagged (2011)
0.003 _ : I 03
lattice data >
0002 |- 3 I 2 extrapolation | 0.2
a TS 0.1 lattice data ]
0.001}- i A= - 0 . .
plot by R. Van de Watet ! ° v = =
0 1 | ! ' ! q? (GeV?)
203 -0.2 -0.1 0 0.1 0.2 0.3

Z

v First LQCD calculation of fr by FNAL/MILC
w Take f: fo from combined fit of lattice form factors + experimental data for

dB(B —mtv)/dg?
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Phenomenology for B — K, w4t £~

Experiment vs. Theory

HPQCD (arXiv:1306.0434, 2013 PRL) FNAL/I\/IILC (arXiv:1507.01618, 2015 PRL)

" 7T CE—— ENRREEES Form factorsCKM
05 L —=4— BABAR 1.8 Form factors only -
— —&— CDF — L
-z THOb [14] | 16 | LHCb 2015 (preliminary) —&— |
& 04 —e— LHCb [15] Z 4l
=~ ) 4+ N
o —* )
= ot " L1z LQCD prediction
Sﬂ 0.2 —|_E3_' -0—) _ 1t .
Q J_\ = maL L HH
Sooa b4 NS T 08 P |
_$ \ H
0 | _e_l | 1 | | \ i 06 u '_Ea_' 1 1 i
0 4 8 12 16 20 24 o 0.4 ]
¢’ [GeV’] = 02 L % |
—~ O7FNAL/MILC (3|’X|V150906235, 2016 PRD) — —_— =§i:
s " Form factors + CKM + Others m=m = 06| |
06 b Form factors only ) '
9 LHCb14 (B*) —a— L 04} 1
S 051 . LHCb14 (B%) —e— | =
C{-‘/ Babarl2 ——— E@‘g 0.2 |~ y .
T 04 P CDF11 —e— o LA I v
= —+ Belle09 —
‘ L ] 0 5 10 15 20 25
+i 0.3 L il i = 2 [G VZ]
=3 ~ ] .
S o2 | FEEEEDT L s E
<0z f Eé [E8
% 0.1} T — -
o 0 J  »(2S) ==
= 0 5 10 15 20 25
¢*(GeV)?
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Exp

AB(Bt — 7T+/L+/L_)(1O_9)

A. El-Khadra

eriment vs. theory

LHCDb data + FNAL/MILC form factors
(arXiv:1509.00414, JHEP 2015;1403.8044,
JHEP 2014)

focus on large bins above and below
charmonium resonances

theory errors commensurate with
experiment

yields ~1-2¢ tensions
= determine |Via/Vis,|Vidl,| Vis|
or constrain Wilson coefficients

D Du et al (arXiv:1510.02349, PRD 2016)

Form factors + CKM -+ Others m==m

Form factors only

8 t LHCD [arXiv:1509.00414] —e— |

6 i -

oo 1

I
9 |
O 1 1 1 1 1
0 5) 10 15 20 25

¢?(GeV)?

DPF 2017, Fermilab, 31 Jul

Phenomenology for B — K, w4t £~

D. Du et al (arXiv:1510.02349, PRD 2016)

- 04 Aug 2017

Form factors -+ CKM + Others mmms
Form factors only

LHCb [JHEP 1406, 133 (2014)| —e—

]

5 10 15 20 25
¢*(GeV)?

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

5 10 15 20 95
¢*(GeV)?
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QD . . _
Rare semileptonic B decays to vv states

dB(B° — mvp) /dg*(10~8GeV?)

A. El-Khadra

<
ot

=
N
T

<
w

<
)

=
—_

(-}

theoretically clean

D. Du et al (arXiv:1510.02349, PRD 2016)

— 3.9

Form factors + CKM + Others mmmsm

Form factors only 3 |

2.5 ¢
2 L
1.5
1t
0.5

dB(B" — K%w)/dg*(10 "GeV?

Form factors + CKM + Others mm===
Form factors only

5! 10 15 20 25 0

D 10 15 20 25
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BSM phenomenology: LFU wu/e

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

——[HCb —=—BaBar ——Belle

M 2_ L L L L L L rrrgrt i
= LHCb -
1.5F | .
1: { SM
0.5F .
O- P B PP B B
0 5 10 15 20

g% [GeV?/c4

LHCD (arXiv:1406.6482, PRL 2014):

Ry = 0.745 (59)(36)

~2.6 0 tension between LHCb measurement and SM theory
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BSM phenomenology: LFU wu/e

D. Du et al (arXiv:1510.02349, PRD 2016)

T T T I. T 4 T T T T T
200 | Standard Model |This work| s | Standard Model [This work| mmm
LHCb [PRL113,151601(2014)] —o—
= S LLE
< 0F — X Rﬂ. — ]_
| 7o
.-100 |
g e
s T HE -
—-200 — . 2t
RK ]. 2
-300
1 — 1 1 1 1 _4 1 1 1 1 1
0 5! 10 15 20 25 0 5! 10 15 20
¢*(GeV)? ¢*(GeV)?

~2.6 0 tension between LHCb measurement and SM theory

In the SM these ratios are insensitive to the form factors
(see also C. Bouchard et al, arXiv:1303.0434, PRL 2013)

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Neutral B meson mixing

Standard Model

d b

S

O;
d b
B2|O:|By)

fz IBs\/ BBg

~ fBy\/BnBy

AT, = |G1 (BYO1|BY) + Gs (BY|03|BY)| cos g + O(1/my)

HFAG, PDG 2016 averages:
AM; = (0.5055 4+ 0.0020) ps_1 (0.4%) Al'y/T3 = 0.001 + 0.010

AM, = (17.575 £ 0.021) ps—* (0.1%) Al's/T's = 0.124 £0.009 (7.3%)
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Neutral B meson mixing

Standard Model

D e b d
BY BO » BY BO
O;
d b
In general : SM: BSM:
5 _ (Fe ay (1.8 A O, = (b*La®) (b’ Ra’
Her = Z ci (1) O; (1) O1 = (0"y.Lq") (0"v.Lq") 4 (_a qﬁ) (—5 qa)
i=1 Oy = (b*Lq*) (b° Lq") Os = (bLq”) (b” Rq™)

O3 = (b*Lq”) (b° Lq®)

()

q

(1) = (BYIOIBY (1) = e: s, {R, B

The matrix elements of all five operators can be calculated in LQCD.
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B mixing results in comparison

ETM (n=2, arXiv:1308.1851, JHEP 2014) vs. FNAL/MILC (n=3, arXiv:1602.03560, PRD 2016)

2 (i) ,— . 2 D), —
f5, By, () : f5 Bg (i)
I I | I |
——
B _ 5 u —a— |
—0—
N _ 4 B e | _
B S I @ _ 3 B o L —
N —eo— _ 2 N —Ha _
—e— [ o B
N —e— _ 1 B - _
—e— ——
| | | | |

0.02 0.03 0.04 0.05 0.03 0.04 005 0.06 0.07

GeV2 GeV2

w First three flavor LQCD results for all five matrix elements
including the correlations between all 10 MEs.
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B mixing results in comparison

2 50
B
de B,

FNAL/MILC (arXiv:1602.03560, PRD 2016)

2 5
fBS BBS

]

il

0.04

HFed | HEH

!
0.06

this work

RBC 14
Fermilab/MILC 12
Fermilab/MILC 11

HPQCD 09

ETM 13

S

= 1.6%

O
V

N

Significant reduction
of errors compared
to previous three
flavor results,
especially for &

] ]
1.15 1.21 1.27

1.33

* Note: FLAG-3 is currently updating their averages for B mixing quantities
to include the new FNAL/MILC results.
« ongoing LQCD calculations by HPQCD, ETM, RBC/UKQCD, ...

A. El-Khadra
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FLAG review of |

D-meson quantities

S. Aoki et al (FLAG-3 review, arXiv:1607.00299, EPJC 17, web update)

FLAG2016 | fo fo

S

‘:_ FLAG average for Ns=2+1+1
— FNAL/MILC 14A
x ETM 14E
I —H ETM 13F
- FNAL/MILC 13
< FNAL/MILC 12B

Ii FLAG average for N¢=2+1 %
— yQCD 14
+ i HPQCD 12A H H
~N - FNAL/MILC 11 H——
IJ_ H-{H PACS-CS 11 I
=z HH HPQCD 10A [

H H HPQCD/UKQCD 07 H

H | FNAL/MILC 05 :
- FLAG average for N¢=2
i TWQCD 14 H H

Il H— ALPHA 13B
= - ETM 13B

— ETM 11A

—H— ETM 09
180 200 220 240 230 250 270 MeV
A. El-Khadra

FLAG2016

fo./fo

Ne=2+1+1

FLAG average for N, =2+1 +1

FNAL/MILC 14A
ETM 14E

ETM 13F
FNAL/MILC 13
FNAL/MILC 12B

T
TXI|

(]

FLAG average for Ny =2+1

HPQCD 12A
FNAL/MILC 11
PACS-CS 11
HPQCD/UKQCD 07

. FNAL/MILC 05

|

——T
+
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1
[

—H—{—

FLAG average for Nf=2

TWQCD 14
ALPHA 13B
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ETM 11A
ETM 09

1.10 1.15 1.20 1.25

DPF 2017, Fermilab, 31 Jul - 04 Aug 2017

82


http://arxiv.org/abs/arXiv:1607.00299

adronic vacuum polarization

[ = /d4x€z’q:p Ju()7,(0)) = (quqw — q2gW)H(q2)

2 0 A
Leading order HVP correction: | ay V" = (2) / dg® w(q*) 1(q%)
0

* Use optical theorem and dispersion relation to rewrite the
integral in terms of the hadronic cross section
= talks by Teubner, Jegerlehner, Zhang
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Hadronic vacuum polarization

2 o0 A
Leading order HVP correction: | a, V" = (g> / dg” w(q*) 1(q%)
0

T

e Calculate afvp in Lattice QCD:

+ Calculate II(g*) and evaluate the integral (Blum,PRL 03, Lautrup et al,
71)

+ Time-momentum representation: ,
reorder the integrations and compute C(t) = - > (i, 1)5:(0,0))

1,T

HVP a\? [
a, = (;) dt w(t) C(t) (Bernecker & Meyer, EPJ 12)
0

+ Time-moments: (Chakraborty et al, PRD 14)
Taylor expand  TI(g Z ¢** 1y,

and compute Taylor coefﬂuents from time moments:
Con =a Yy t*"C(t)
t
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Highlights ot recent LQCD HVP results

aHVP,LO < 1010

0 Isospin correction
T ' | ' | ' | ' | '
T R. Van de Water @ Lattice 2017 (FNAL/HPQCD/MILC)
(@\
| — = BMW 2017 -
%\ —a— HPQCD 2016 - Nf: 24141
T M0 o N=ltlt1+1| |
_I._
N | o i RBC/UKQCD 2011 I |
%\ --------------------------------------------------------------------------------------------------------------------- L i
| A | : Q>: 560 = B
| 4 ' Mainz/CLS 2017 & = | ]
N | N | . < - (u+d) i
i - | Mainz/CLS 2011 =, | m, A ]
= ETM 2011 T sl m, _'
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" m, |
e DHMZ 2017 ol *;lé - ' ll B T
| | | o | FJ 20|1 7 ' ‘ (m_+m)/2m, ' ’

550 600 650 700 70 First LQCD calculation at physical pion mass.

LO-HVP 1 010

ayt,disc
Disconnected contribution - »
NI ' i RBC/UKQCD 16
) LO-HVP _ —10 -
BMWc 17 5au,disc = 1.5 x 10 z
— contributes only 0.2% to error on a;> """ 4 e
-
(Lellouch, Miura @ Fermilab muon g-2 theory N ® BMWe 17 (prelim)
workshop and Lattice 2017) “ ‘ ‘ * * |
12 -10 8 -6 4
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Muon g-2 Theory Initiative

Steering Committee:
Gilberto Colangelo (Bern) gilberto@itp.unibe.ch
Michel Davier (Orsay) davier@lal.in2p3.fr
Simon Eidelman (Novosibirsk) eidelman@cern.ch

Aida El-Khadra (UIUC & Fermilab) axk@illinois.edu

Christoph Lehner (BNL) clehner@bnl.gov

Tsutomu Mibe (KEK): mibe@post.kek.jp
J-PARC E34 experiment

Andreas Nyﬁeler (Mainz) nyffeler@uni-mainz.de

Lee Roberts (Boston): roberts@bu.edu
Fermilab E989 experiment

Thomas Teubner (Liverpool) thomas.teubner@liverpool.ac.uk
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Muon g-2 Theory Initiative: Goals

€ theory support to the Fermilab and J-PARC experiments to
maximize their impact
 need theoretical predictions of the hadronic corrections with
reduced and reliably estimated uncertainties

€ summarize the theoretical calculations of the hadronic corrections
to the muon g-2
= comparisons of intermediate quantities between the ditterent
approaches. For example, lattice vs experiment
= assess reliability of uncertainty estimates

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Compare HPQCD results to R-ratio data

0.01

0.0001

1e-06

T (u,d,s)
n

= 1e-08

=

2n

le-10

le-12

A. El-Khadra

R. Van de Water @ Lattice 2017

Finite-volume, discretization, & chiral corrections
to Taylor coefficients on physical-mass ensembles

A good test of the
corrections, because the
comparison was performed
after the first version of the
HPQCD paper (1601.03071) was
posted.

| | | | | |
L —emA— — R ratio (Jegerlehner, private comm.)
= om 3~(0.15 fm
- a~0.12fm

emA—

L -1
- —u —
i *®" corrected
= —emh
B & & —om A
L raw
= —emh
— =
- *=
[ | | | | | |

1 2 3 4 5 6

Lowest moments make the largest contributions to a,.
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Muon g-2 Theory Initiative: Goals

theory support to the Fermilab and J-PARC experiments to
maximize their impact
= need theoretical predictions of the hadronic corrections with
reduced and reliably estimated uncertainties

¢ summarize the theoretical calculations of the hadronic corrections
to the muon g-2
= comparisons of intermediate quantities between the different
approaches. For example, lattice vs experiment

= assess reliability of uncertainty estimates

€ combine to provide theory predictions for aEVPand aELbLand

write a report before the Fermilab and J-PARC experiments
announce their first results.

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017
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Muon g-2 Theory Initiative: Plan

¢ Organize “plenary” workshops to bring the different communities
together
e First workshop: held near Fermilab, June 2017:
kick-off
e Second workshop: Mainz, 18-22 June 2018:
organize first report
e 2019 & 2020 workshops: Japan? Seattle?
¢ Form two working groups, one for HVP and one for HLbL:
® invite community participation
e organize focused workshops to advance the work:

winter/spring 2018
¢ Finalize the first report before the Fermilab experiment announces
its first result with "Brookhaven level” statistics
target date for first report: September 2018

A. El-Khadra DPF 2017, Fermilab, 31 Jul - 04 Aug 2017



3-6 June 2017 Q Center

US/Central timezone

Sponsors
Committees
Timetable

Registration

.. Registration Form
List of registrants
List of confirmed speakers

workshop photos

Accommodations

Wilson Hall

Visa Information

. El-Khadra

In the coming years, experiments at Fermilab and at J-PARC plan to reduce the uncertainties on
the already very precisely measured anomalous magnetic moment of the muon by a factor of
four. The goal is to resolve the current tantalizing tension between theory and experiment of
three to four standard deviations. On the theory side the hadronic corrections to the
anomalous magnetic moment are the dominant sources of uncertainty. They must be
determined with better precision in order to unambiguously discover whether or not new
physics effects contribute to this quantity.

There are a number of complementary theoretical efforts underway to better understand and
quantify the hadronic corrections, including dispersive methods, lattice QCD, effective field
theories, and QCD models. We have formed a new theory initiative to facilitate interactions
between the different groups through organizing a series of workshops. The goal of this first
workshop is to bring together theorists from the different communities to discuss, assess, and
compare the status of the various efforts, and to map out strategies for obtaining the best
theoretical predictions for these hadronic corrections in advance of the experimental results.

All sessions in this workshop will be plenary, featuring a mix of talks and discussions.
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A. El-Khadra

Muon g-2 Theory Initiative: WGs

to sign-up for the HVP or HLbL WG
send email to one of the WG coordinators

HVP WG coordinators:
e Michel Davier davier@lal.in2p3.1r

e Simon Eidelman eidelman@cern.ch
e Aida El-Khadra axk@illinois.edu
e Thomas Teubner thomas.teubner@liverpool.ac.uk

HLbL WG coordinators:

e Gilberto Colangelo gilberto@itp.unibe.ch

e Christoph Lehner clehner@bnl.gov

e Andreas Nyffeler nyffeler@uni-mainz.de
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