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Provide accurate, predictive calculational capability at
nadronic scales enabling tests of the SM and searches for
bhysics beyond 1t

Understand the emergence of hadrons, nuclel and
extreme forms of matter (RHIC, n-stars)

Useful toolkit to study strongly interacting field theories
beyond the SM




Lattice QCD: tool to deal with quarks and gluons

Correlation functions as functional integral
over quark and gluon d.o.f. on R4

O) = [ dA,dqdjOlg,q, Ale~Secrlt- @ 4]
p |

perform quark integrals exactly
Discretise and compactify system

Finite but large number of d.of (10'9)

Numerically integrate via importance sampling
(average over important configurations)

Undo the harm done in previous steps

Lattice QCD = QCD




Lattice QCD has advanced markedly in the last 5 years
Faster computers and better algorithms
New approaches to physics challenges

State-of-the-art calculations address all systematics
(discretisation, finite size, ...)

Sub percent accuracy on some quantities

Necessitates consideration of small effects: QED, isospin
breaking (significant intellectual challenges to overcome)

Scope increasing from meson physics to baryons and to light
nuclel




Different groups around the world using many technically
different approaches to LQCD (c.f. 2001 state-of the-art)

CLS Ne =2

ETMC Ne = 2

(clover) ETMC Ni =2
QCDSF Ne =2

BGR Ne = 2

JLQCD N = 2

(plagq) TWQCD Ne =2

(Iwa) TWQCD Ne = 2

(HEX) BMW Ne =241

(stout) BMW N =2+41
(stout-stag) BMW Nr=2+41
CLS Ne =241

HSC Ne =241

PACS-CS Ne=2+1

QCDSF Ne =241

JLQCD Ny =241

(M6bius) JLQCD Nr=2+41
RBC-UKQCD Ne=2+1

(DSDR) RBC-UKQCD Ne=2+1
(Mébius) RBC-UKQCD Ny =241
MILC Ne=2+1

MILC Ne=24+1+1

ETMC Ne=2+1+41

BMW Ne=14+1+1+1
JLQCD/CP-PACS (2001) N = 2
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Flavour physics has been a mainstay of LOQCD
Many calculations of what are now “simple™ quantities
FLAG (PDG for LQCD)
Members from most of the major collaborations
Fvaluates and grades different aspects of each calculation

Provides averages as the “LQCD community consensus”
value for a given quantity

Summary report every couple of years
| 105.3453, 1304.5422

New version early 20| 6: expanded scope and coverage




FCAG2013

Ne=2+1+1

our estimate for N, =2+1+1

ETM 13F

HPQCD 13A

MILC 13A

MILC 11 (stat. err. only)
ETM 10E (stat. err. only)

Quark masses, decay constants, form factors, kaon mixing, LECs...

Colour coded for quality of calculation (# lattice spacings, volumes,...)

FCAG2013
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our estimate for Nf=2+1
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Inclusive vs exclusive Vs & Vb

Long running tension between Vy, (and V) extractions from
inclusive B X, (B—=X,) and exclusive decays B—=x (B—D)




Long running tension between Vi, (and V) extractions from
inclusive B—=X, (B—=X,) and exclusive decays B—=m (B—D)

Inclusive Exclusive
= 2
vy
decay rate Z b - ( = |2
T B X 2z
d decay rate b -
B Hefr
b ff EE b I R
x Im B Heff Hlﬁ B
a J dl
2 2
S o Vi () (] #1BY |
dqszg X ubl \»ee)pv lattice QCD
X Im (—i/d“x e X (B| T JM(x) J¥(0) B>>

OPE, HQET



Inclusive vs exclusive Vs & Vb

Long running tension between Vy, (and V) extractions from
inclusive B X, (B—=X,) and exclusive decays B—=x (B—D)

Inclusive [PDG 2014]
B—xlv [PDG 2014]




Inclusive vs exclusive Vs & Vb

Possible to reconcile through BSM scenarios that produce RH
currents at low energy

G _ _ _

Mer = 5 Vi [(1+ cr)in"b = (1= ) 37*35] (L = 35)v
Cﬁo 8 _ T T | I T T T

— T § B inclusive i

X 7 s> I Bomlv 7

S = e _
= <

> 6 .

c 7

fisure modified from
LHCb 1504.01568
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See more in talk of

Mike Williams, Th 08:30

L4
Bottom baryons provide another
exclusive decay channel: Ap—plv Uy,
, Heff
L HCb: branching fraction ratio measured > u
/q?"ax dl'(Ap — Pﬂ_ﬂu)dqz /\b v T p
2
15 GeV” dg = (1.0040.04 +0.08) x 107 d
/qmax dr(As =+ Ac 177,) 4
7 GeV? dg? 18000 ———mM8m™————————————+—7———
Combinatorial
[1504.01568=Nature Phys. | | (2015)] <000 S omonaor LHCb
B Dpuv
. . A?M_V -
Extract!on of |yub/vcb| requires 12000 mmAT g
hadronic matrix elements N'uv st e

9000
(pluv*b|Ap), (p|uy"vsb|Ap),
(Ae| €YD |Ap), (Ac| ey 5D |Ap)

from LOQCD
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[WD, C Lehner, S Meinel PRD 92 (2015) 034503]

| 2 form factors needed

Careful consideration of
systematic uncertainties

Precise at large g?

Coordinated with LHCb (ffs
needed during analysis)

Compare partial integrals

Vi
V_” = 0.083(4) oxpt (4)1att
cb

Combine with exclusive Vs
to get |Vup|

relative uncertainty

0.0 | L | l L L I
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95
2/ ~2
9°/ Gmax
0.10 T T T T T T T
— =— continuum extrapolation «++ chiral extrapolation
. = matching & improvement finite volume
0.08 . . -
——— Zz expansion — — — scale setting
———— missing isospin breaking/QED —— RHQ parameters
~ o combined systematic uncertainty
0.06 |-
0.04
0.02
0.00 | l l | l l | l

1.00




WD, C Lehner, S Meinel PRD 92 (2015) 034503]
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| 2 form factors needed 20f
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systematic uncertainties
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Inclusive vs exclusive V b

Consistent with mesonic exclusive measurement

Vio| = 3.27(0.15)excpt (0.16 )1 (0.06) 1., x 1073

Inclusive [PDG 2014]

B—xlv [PDG 2014]
Ab—plv [DLM/LHCb 2015]




Consistent with mesonic exclusive measurement

V| = 3.27(0.15)expt (0.16) 1 (0.06) 1., x 1073

|

e Inclusive [PDG 2014]

= B—xtlv [PDG 2014]
o Ap—plv [DLM/LHCb 2015]

- B—xlv [RBC/UKQCD 2015]
HaH B—atlv [FNAL/MILC 2015]
7 3 4 5
103 x |V

New LQCD calculations for B—m decays too!



Inclusive vs exclusive V

Different dependence of baryon decay disfavours RH currents
as a solution to Inclusive/exclusive tension

8 T T T T T T T T T I T T T

B inclusive i
[ Bonlv 7
B A,—puv (LHCD)

L 3
V.| <10
Standard Model

24 02 0 02 04
8R

fisure modified from
LHCb 1504.01568



Exclusive extractions:

very different
experimental and

theoretical systematics

Mutual consistency
(p=0.26)

Inclusive extractions

creates significant tension

4.5

4.0

3
101V |

3.5

Solution from RH currents

disfavoured by baryonic
extraction

100N

30

Summary figsure from A Kronfeld

Inclusive
|

35

36

37 38 39

40 41 42 43 44 45

3
1071V |



Neutral kaon systems of intense interest for 50+ years

Physical states are combinations of CP eigenstates

‘KL> ~ K9> T € K9|—> 0 1 0 —0 KY = 5v5d
Ks) ~ |K)+€|K?) Ky) = NG “K ) FIE >] K’ = dyss

First observation of CP violation [Christenson, Cronin, Fitch & Turlay 1964]

Both direct and indirect CP violation
Kp) ~|K2)+€|K))

wed ~ €~€ (not CP eigenstate)
direct ~ €’

rr) |7T7r)
PDG values ,
Ree = (1.657+0.021) x 1073 Re(e—) = (1.67+0.26) x 107
Ime = (1.57240.022) x 1073



Indirect CP violation arises from mixing

zi K%\ _ [Hoo Hog
dt \|K°)) — |Hqgo Hyg

I

KY)
KY)

)

Predominantly from box diagram (AS=2 4q operator)

s AVAVAVA oo

d
S d
|14
U,C,t M A U,C,t j
W - —
5 d 5

d ——"\ U\ e—e—

Conventional approach: take expt
for Im Ao/Re Ao, AMk,

"bag parameter” from LQCD

_ _ 8
(RO|ORE=2|K®) = SF2 ME Bre(n)

Bk under precise control

b () [ 3 ) e

from A Juettner, Lattice 2015
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Decays through either AI=1/2, 3/2 (AS=1) with amplitudes
(01= strong scattering phases)
A(K%W?T])EAIGB?;(SI I:O,Q

Long standing puzzle (AI=1/2 rule)
o RGAQ 1
- Redy 22
Amplrtudes relate to CP violating parameters as

g iiei(52—50) ImAs; ImAy

V2 ReA;  ReAg

Im(K°|O 1| K°) N ImAg
AMK R,GAO

W

€| =




Many new developments by the RBC/UKQCD collaboration

Quantitative understanding of AI=1/2 rule

[P Boyle et al . (RBC/UKQCD) Phys.Rev.Lett. 110 (2013) 15, 152001
T Blum et al. (RBC/UKQCD) Phys.Rev. D91 (2015) 7,074502 ]

Important progress in calculating all pieces of € and €’
directly from SM

Full calculations of decay amplitudes
[Z Bai, et al. (RBC/UKQCD), 1505.07863]

Kaon mass difference: long distance contributions
[Z Bai, et al. (RBC/UKQCD) PhysRev.Lett. | 13 (2014) 112003]

Additional progress on rare kaon decays
[N Christ et al (RBC/UKQCD) 1507.03094]




Decays through weak AI=1/2, 3/2 (AS=1) process

3 L 3 I
QH “
d
d d

Ten relevant operators in effective Hamiltonian (weak decays,
QCD and EW pengum operators)

HAS 1 — \/— Z ud‘/>I< Zz V;Sd‘/:;yz( )] Q’f\/ls(:u)
Short distance physms in Wilson coefficients z(w) and yi(w)

LQCD to determine matrix elements

<7T7T|Q;-1att|K0> QiWS(lu) _ ng;z,tt—>MS(lu7 )Q/Iatt

(need to convert lattice operators to MSbar scheme)




Consider operator Qg , = (5'd) {(@u)), — (@)} + (5u') (@ d));

Matrix element evaluation can be Fierzed into two “colour
contractions i,j colour indices .

T @ @ =@ s

Do
Contraction @ Contraction @ Lo NM% .

CQ,Q(A, t) [109}

0.5

Vacuum saturation would give @ ~1/3 D ol -
. . . 0 4 8 12 16 20 2.
Numerical evaluation gives @ ~-0.7 @D P Boyle et al.PRL |10 (2013)

For AI=3/2 contributions add )+ @ so significant cancelation

More complex for AI=1/2, but roughly enhanced rather than

suppressed Red, D+ O
RGAO N 2 @ - @

~[10-15






Long standing discrepancy between measured value and SM
estimate for muon anomalous magnetic moment (~30)

1 1 1 1 1
O CERN G | . CERNw o
| - CERN average
A BNL 1997 u*
o ! BNL 1998 u*
—— BNL 1999 u,
—e— BNL 2000 u’
—&— BNL 2001 u
—o— BNL average
o+  Experiment
Theory —o+
| | | | |
100 150 200 250 300 350 400

(a,, - 11659000) x 10™"°

Sign of new physics or problem with theory?

New experiments aiming at 4-fold uncertainty reduction
(E989 @ Fermilab, E34 @ JPARC)

Requires commensurate control of theory




Snowmass: The Muon (g-2) Theory Value: Present and Future [T Blum et al. 1311.2198]

Measured value

a’® = (116592089 & 63) x 10~'*  (0.54 ppm)

I

Breakdown of contributions
(2 evaluations of HVP)

...

VALUE (x 1071) uniTs

QED (v+/¢) 116584 718.951 + 0.009 4+ 0.019 + 0.007 4+ 0.077,,

HVP(lo) [20] 6923 + 42
HVP(lo) [21] 6949 + 43
HVP (ho) [21] —98.4+0.7
HLbL 105 + 26
EW 154 4+ 1
Total SM [20] 116591802 =+ 424 16 + 265 10 & 2otner (£49:00)
Total SM [21] 116 591 828 & 434 16 + 2651110 £ 2ommer (£50,00)
Deviation

Aa,(E821 — SM) = (287 £80) x 107" [20]
= (261 £78) x 107! [21]

QED (5 loop) [Aoyama et al. 201 2]

ok

AVAVAVAVAVAV Y

A\

Hadronic vacuum polarisation

+‘§ §

Hadronic light-by-light

Electroweak (2 loop) [Czarnecki et al. 2006]




Snowmass: The Muon (g-2) Theory Value: Present and Future [T Blum et al. 1311.2198]

Measured value

a’® = (116592089 & 63) x 10~'*  (0.54 ppm)

I

Breakdown of contributions
(2 evaluations of HVP)

VALUE (x 10711 uniTs

QED (v+/¢) 116584 718.951 + 0.009 4+ 0.019 + 0.007 4+ 0.077,,

HVP(lo) [20] 6923 + 42
HVP(lo) [21] 6949 + 43
HVP (ho) [21] —98.4+0.7
HLbL 105 + 26
EW 154 4+ 1
Total SM [20] 116591802 =+ 424 16 + 265 10 & 2otner (£49:00)
Total SM [21] 116 591 828 & 434 16 + 2651110 £ 2ommer (£50,00)
Deviation

Aa,(E821 — SM) = (287 £80) x 107" [20]
= (261 £78) x 107! [21]

Hadronic vacuum polarisation
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Hadronic light-by-light




ot topic in LOCD .

# g-2 presentaions @ Lattice conf

LQCD requirements 16
Lattice precision timescale benchmark
12
8
hLbL Competitive with models
4
:B Casey Lattice 2014 projections] 0

2005 2007 2009 2011 2013 2015

—ugely active area of LQCD

Exploration of techniques to
address HLbL

Efforts to increase precision on HVP ’&

A

[\ ')



Current theoretical estimate
from dispersive treatment

Use data on o(e"e —hadrons)
combining many data sets

1400 Y T T T |

" BaBar (09) m—

‘m New Fit
KLOE (10) ++ -
KLOE (08) +®

1200 |
1000
o0 F o 1

£
e00
4T .

,d
400 I~ “' \
.

L)
=
=0 P o |
0 L 1 1 1 1 I 1 'l

06 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Vs [GaV]

o'le*e” = n'n) [rb]
-
»

Complicated analysis (0.6% prec)

HVP LO
,u

= (694.91 +4.27) x 10719

“’““.‘M’“"

(@9 — €uq.) v (¢7)
s =q°
- L ImlIIy (s)
HV(k) _HV(()) - ?Lm% dsS(S—k‘2 —’ié)
ImHV( ) 4;_& Utot(e+e_ — X)
had — /dS % V
Had
VP L K () on (5)



Can be computed from SM e'e” (Davier 2011)

' I ! I
dll”ecﬂy [Blum PRLY | (2003) 052001] HPOCD 2015 (comected, udscadise)
o
Analytically continue to Euclidean | Emmc2on -
Space [T Blum PRL9| <2OO3> OSZOOl] E. Gregory et al (BMWc 2HEXs ) 2015 O
5 5 BMW 2013 O
K = —(q > O (preliminary, stat. only) 00—
. UKQCD 2011 p——
Use modified kernel
Aubin and Blum 2006 FOA
g . 2 o 2 e’e) N (stat. only)
o =257 = (2) | AR A e L -
Mainz 2015 (ud+sQcQ)
Precision goal Is challenging, but (u.d contribution)
calculations rapidly improving ETMC 2011
. . . Mainz 2011
Major technical improvements |

. |
at low K2 where f(K?) is peaked 400 600 300
P
a HVP (X 1010)

Ready for large scale calculations o
T lzubuchi Lattice 2015 (already out of date)



HLblL smaller but hard to determine

Currently guesstimated from models
(see Colangelo et al. for dispersive analysis of some pieces)

Accessible in LQCD from 4-pt correlator

Y

Y

Y

PEHB) () ) = ieyd‘lkl d*ko H,(ﬁpa(q,kl,kg,b)
S em)ient KKK

%%, ¥ (py + ko), SY (p1 + k1)

M0 (g, k1, ks, k) = /d45’71 d'wy d'wy expl—i(ki - w1 + Kz - 22 + ks - 23)]

UV po
X (0|T7,,(0)ju (1) Jp(2) 0 (23)]|0)
32 relevant tensor structures!

Required for all ki, k!



Recent calculation at

fixed kinematics
[Green et al,, 150/7.0157/7]

Comparison to model
derived from dispersive
analysis of y"y"—hadrons

Not viable for all kinematics
but may help constrain models

MTT(_Q2a —an ’/) — MTT(_Q27 —Q%7 0)

10

my = 324 MeV, Q% = 0.377 GeV?

(O NONCNON NONONON




- Hadronic light-by-light

QO
T~

f P oD+

Sketches from T Blum



- Hadronic light-by-light

Potentially simpler to evaluate in
QCD+QED [T Blum et al]

P =

QO
T~

<D
™
o

D +

Sketches from T Blum



- Hadronic light-by-light -

Potentially simpler to evaluate in
QCD+QED [T Blum et al]

Keep one photon explicit

p =

T~

ar

Sketches from T Blum



Potentially simpler to evaluate In
QCD+QED [T Blum et al]

Keep one photon explicit

Allows for subtraction of
unwanted (already counted)
contributions

Sketches from T Blum



Potentially simpler to evaluate In
QCD+QED [T Blum et al]

Keep one photon explicit

Allows for subtraction of
unwanted (already counted)
contributions

Sketches from T Blum



Potentially simpler to evaluate In
QCD+QED [T Blum et al]

Keep one photon explicit

Allows for subtraction of
unwanted (already counted)
contributions

Test calculation encouraging
[Blum, Chowdhury, Hayakawa, Izubuchi 1407.2923]

O QCD+QED (m =330 MeV)
T —— hadronic models,Fz(O)

sep

I20I | |

I25I |

I3OII




Potentially simpler to evaluate In
QCD+QED [T Blum et al]

Keep one photon explicit

Allows for subtraction of
unwanted (already counted)
contributions

Test calculation encouraging
[Blum, Chowdhury, Hayakawa, Izubuchi 1407.2923]

Recent Improvements in method:

potential to get to 10% accuracy
Jin et al, Phys.Rev.Lett. | 14 (2015) |,012001]

Fy(q®)/(a/m)?

0.12

0.1

0.08

0.06

0.04

0.02

-0.02

-0.04

q =27/L Npop = 81000 —o—
q =0 Nprop = 26568 —S—

35



Potentially simpler to evaluate In
QCD+QED [T Blum et al]

Keep one photon explicit

Allows for subtraction of
unwanted (already counted)
contributions

Test calculation encouraging
[Blum, Chowdhury, Hayakawa, Izubuchi 1407.2923]

Recent Improvements in method:

potential to get to 10% accuracy
Jin et al, Phys.Rev.Lett. | 14 (2015) |,012001]

Still requires many further
improvements to get final answer

Fy(q®)/(a/m)?
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-0.04

q =27/L Npop = 81000 —o—
q =0 Nprop = 26568 —S—

35
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Prospect of unambiguous detection of
dark matter is very exciting

Typical DM detector: look for recoll in
large bucket of nuclei

Post-detection: aim to determine the nature
of the interaction with nucleus

Understand target dependence and effects

Requires SM calculations of nuclear matrix elements of
possible currents to distinguish them

Potentially understand seemingly conflicting positive (DAMA/
CoGeNT, CDMS-51) and negative signals (LUX, XENON,...)



Important goal of LBNF/DUNE: extraction of neutrino mass
hierarchy and precise mixing parameters

Requires knowing energies/fluxes to high accuracy
Neutrino scattering on argon target

Nuclear axial & transition form factors

v, CC spectrum at 1300 km, A m2, = 2.4e-03 eV ?
1000;I T

900[: J
800 E

Resonances

| in? 0.5 =
| sin®26,,=0,6,,=nla

e 5N 220, =01, 5 =72
| =054

Neutrino-nucleus DIS

sin?20,5=0.1,5 ;=0

|
I
uﬁ i Ill I L sin?26 413 =0.1,8 =n/2
L]
|

~ 0% uncertainty on oscillation

500
400

v, CC evts/GeV/10kT/MW.yr
-
(=4
=]

parameters [C Mariani, INT workshop 201 3]

300

200t

100

|

10

1
[U Mosel FSNu NP town meeting]

E, (GeV)

02 >

0.182
Q

0.16 £

: o
[}
0.14 2
©
0128
&
01 «
0.08 |
0.06
0.04
002

0



Nuclear matrix elements are not
well understood

Gamow- Teller transitions in nuclel
are a stark example of problems
(analogue of neutron decay)

Best nuclear structure calculations
are systematically off by 20—-30%

Nuclel (30<A<60) where
spectrum I1s well described

QRPA, shell-model,...

Correct for it by arbrtrarily
“quenching’ axial charge in nuclel

Can NP become rigorous!

[Martinez-Pinedo et al,, Phys. Rev. C53,2602 (1996)]
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Nuclel arise from SM, so can be addressed
using LQCD

In practice: a hard problem

Multiple exponentially difficult
challenges

Recent progress shows light nuclel
can be studied rigorously

Spectroscopy
Matrix elements

Connect to larger nuclel through nuclear effective
field theory [Weinberg 1991;Kaplan Savage Wise 1995,...]




Magnetic moments of nuclel

[NPLQCD PhysRevLett. | 13 (2014) 25,252001] ﬁ%?

: 4; SH 4
First QCD study of structure of | p . |
welet 0 FEEEEETEE . mmmmmmeem- :

2 ; |
Vagnetic moments and S e— |
bolarisabilities for A<5 4 o
3

Patterns very interesting but V 3
calculations not physical ) I —— He

Similar studies underway for weak
current, scalar currents,. .. e Qb @ms

= 800 MeV
Experiment

Expect significant progress In

this area .nnn-
-1.98(1 3.21(3

1.22(4)(9) -2.29(3 3.56(5)(18)

In units of appropriate nuclear magnetons (heavy Mn)



Future ILC will determine Higgs couplings to unprecedented
accuracy: further quantitative tests of SM

Requires precise SM inputs and calculations
High order pQCD calculations

Commensurately precise b, ¢ quark masses, strong
coupling

Recent study [Lepage, Mackenzie & Peskin 1404.0319] Of prospects for
reaching requisite precision for relative uncertainties in Higgs
partial widths

0p = 1. - 0my(10) & (—0.28) - das(my)
~ 1AT(h — AA)
2 T(h— AA)

0c = 1.-0m(3) & (—0.80) - daxs(my)

A

0y = 1.2 dags(my)




Consider expected
timeframe [1404.0319]

growth In computing resources in [LC

omp(10)  das(mz) dme(3) | & d¢ Og
current errors [10] | 0.70 0.63 0.61 | 0.77 0.89 0.78
+ PT 0.69 0.40 0.34 | 0.74 0.57 0.49
+ LS 0.30 0.53 0.53 ]0.38 0.74 0.65
+ LS? 0.14 0.35 0.53 ]0.20 0.65 0.43
+ PT + LS 0.28 0.17 0.21 ]0.30 0.27 0.21
+ PT + LS? 0.12 0.14 0.20 | 0.13 0.24 0.17
+PT + LS* +ST | 0.09 0.08 0.20 [0.10 0.22 0.09
ILC goal 0.30 0.70 0.60

Allows finer lattice spacings (LS, LS?) and higher statistical

precision (ST) (also requires higher order lattice perturbation

theory matching)

Wil be an important contribution to Higgs program




LQCD has come of age in the last decade and Is a precision tool for
many quantrties

Flavour physics, charged leptons, nuclear effects, SM parameters

Not discussed: thermodynamics, hadron spectroscopy and
structure, strongly interacting models of EWSB, composite DM, ...

Progress on many fronts

Increase precision (deal with newly relevant systematics: QED,
isospin breaking)

Ways to compute new observables (nuclel, multi-body decays, non-
local operator matrix elements

New computational tricks to get more from less flops

| ots more to come
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