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Precision tests of the Standard Model using lattice QCD

Muon g-2: Semileptonic Meson mass and Proton Spin

Hadronic vacuum decay of decay constants Puzzle

polarisation from mesons:

lattice QCD DtoKlv; Vector mesons: ¢, p, Phys.Rev. D 91
scalar and i’p, K* (2015)

Phys. Rev. D 89, vector form Pseudoscalar : ng, m, K, 1, 014505

114501 (2014); factors, Vi Ne, D, K

arXiv:1512.03270 \_'_l

(submitted to MS

Phys. Rev. D) Code writing

and data analysis

PhD

Testing, planning resources, writing scripts and modifying MILC codes,
data generation (2-pt, 3-pt), data analysis : risk analysis, co-ordination
and back up plans

Important ingredients :
e Quark mass tuning [Phys. Rev. D91 (2015) 5, 054508 (Editor's suggestion)]
* Renormalisation of currents (non-perturbative)



Hadronic vacuum polarisation contribution to the
muon anomalous magnetic moment
from lattice QCD



Relevance and Timeliness
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a,”’ - aM=26.1(8) x 10710 3,5

Expt. at FNAL & J-PARC will reduce
uncertainty to 0.16 ppm starting 2017




Current theoretical status of muon g-2

a
CED _ 0.00116

2T N
ﬁ %% ENOL% 5%@'1% Blum et al. 1301.2607
' QED, EW & QCD

(H § ! § Contributes;

/“@ﬁ g“@i mg@@}% QED dominates

[LO Hadronic vacuum polarisation (HVP)

Contribution  Result (x 10-Y) Error
QED (leptons) 11658471.8 0.00 ppm
HVP(lo) [1] 692.3
HVP{ho) -9.8 0.0T ppm
HLbL [2] 10.5 0.22 ppm
EW 15.4 0.02 ppm
Total SM 11659180.2 0.42 ppm

Fig. a: Result Fig. b: Error

[1] Davier et al. Eur. Phys. J. C71 (2011) 1515
[2] Prades, de Rafael, Vainshtein, 0901.0306



HVP from lattice QCD

Target : better than 1% in HVP /
-
In Euclidean space, s

<€
f=u.dschb 1

connected contribution for flavour i

HVP,i _ 2 2 2
a dq f(q )(477'-“8 )H (q ) Blum, hep-lat/
\ 0212018
On lattice
f(g?) known, divergent function of g*

Renormalised Vacuum Polarisation function: I1(g?) = I1(g?) — I1(0)
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Integrand strongly peaked at g%~ %~ 0.003 GeV?



HPQCD method for HVP calculation

Calculate correlation function on lattice

N NN
Je @* Jy (i &, 1)j7(0))

Time moments of lattice current-current correlators

Gon = a* ) Y 23 ( (2,0 (0))

2n

aqzn qzﬁ(qz)

= (-1

q* =0

[(a2) — oo 2] - i+1_G2j+2
[M(g°) = Q=191 with I = (—1)/ TN
Use Pade approximant (ratio of m/n polynomials) for better g° behaviour

Allows us to reconstruct [1(g?) and integrate
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Analysis Ingredients

MILC configurations : up/down, strange, charm quarks in the sea

my = Mg 014 }
012 f
Multiple m,, /4 o
. . L i
Including physical ¢ %%
g 006 |
Valence quark 004
Masses tuned
002 E

accurately

High statistics:
10,000 configurations
on coarsest lattice

01F

'MILC HISQ.2+1+1 ®

10,000 configs

1

mulfiple volumes

l

® X ®

0005 001 0015 002 0025 003

ﬂz ! fﬂlz

Lattice spacing
a~0.09-0.15fm

Multiple volumes
~ (5-6 fm )3

Vector current renormalisation Zy,
calculated nonperturbatively
with high precision
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Strange quark contribution to HVP
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a$ = 53.41(59) x 1071

B. Chakraborty et al., Phys. Rev. D 89, 114501 (2014) 2



-, { MeV')

380 T - T T
my'm=0.2 —¥—
hysical pomnt ——<—
3?0 L 1 nta] |_'_| -
380 |
=350 |
340 F
—
130 | %”
32[' [ L [ L [
0 0.005 001 0015 002 0.025

Check strange-strange vector correlators
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Light quark (connected) contribution to HVP

Additional challenges:
1. Noisy data

2. Finite volume error
3. mut contribution

Multiple volumes

New ingredient to handle noisy data:

Gaata(t),
G(6) = { gfii(t);

t* =1.5fm=

t >

6/p

t<t" <«—— From Monte Carlo

t*

From multi-exponential fit

+  Smearings at source-sink
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Quark-line disconnected contribution

<
Vanishes if m,= m,; = mg —> > >
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Lattice — Continuum comparison

3.50 from
no new —
physics

HVP nonewphysics
a,

HPQCD
this paper
ETMC
1308.4327

Jegerlehner
1511.04473
Benayoun et al
1507.02943
Hagiwara et al
1105.3149
Jegerlehner et al
1101.2872

640 650 660 670 680 690 700 710 720 730

a_HVP % 10 10

Lattice
calculation
using
u,d,s,c sea
quarks

+ physical
valence
quarks

In future : Increase statistics, QED and isospin effects, disconnected piece
More Calculations underway (Mainz, BMW, RBC/UKQCD, ...)
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Nonperturbative renormalisation of vector currents

HISQ
Pseudo Pseudo
-scalar —scalar
Clover t
T
HISQ
Pseudo Pseudo
-scalar -scalar
Clover
t

1= V4 (H | qu )
B. Chakraborty et. al, POSLATTICE 2013, 309
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Quark mass tuning

mas(W) = Z(ap)myges

M HPQCD this paper
i MILC 1407.3772 S
128 L
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(qu,latt) a=0 My s (1)

Phys. Rev. D 91 (2015) 5, 054508
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mMS(2 GeV) = 92.2(13)MeV



Flavour physics
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Semileptonic decay : form factors; V

dl‘*D—)K GFp
dqZ  24m 3|VCS|2|f-IP_)K(q2)|2
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« T
T
M2 - M2 q" = pp — Pk
— £D->K 2
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S Mp — Mg
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+o 7 (@*) Pz g - fo(0) = £1.(0)
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Shape of the form factors : D — Klv
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Transferable skills learned

C, C++, Python, Bash.

Handling MILC codes, Corrfitter, Isqfit.

Written data generation and analysis scripts.

Data generation: propagators, 2-pt correlators, 3-pt correlators,
sequential technique, local and non-local currents, HISQ and clover
quarks, Gaussian smearings, disconnected correlators, all-to-all
propagators method using random noise vector.

Data analysis : Bayesian multi-exponential fit, generalised
eigenvalue method, jacknife, bootstrap, z-expansion, chiral-
continuum extrapolation, finite volume corrections.

Testing, planning resources, risk analysis, co-ordination and back
up plans.

Integrating individual effort with collaborative effort.

Handling multiple projects — time management and organisation.
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Future Plans: relevant to 12 GeV upgrade at JLAB

Nucleons

* The helicity distribution of the constituents within
the nucleon
e Calculating GPDs and TMDs — physical quark, chiral

symmetry, finer lattices, larger volume, disconnected
contribution

4-quark state?

X (3872)

neutral particle é é Can not be clearly distinguished

Mesons
u

e Spectroscopy of exotic mesons;
. radiative transitions.
:C:tvﬁv}psld) Application of scattering theory
. methods to the phenomenology
Can be clearly

6 distinguished of multi-hadron final states.

Furthermore, states such as predicted
23
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