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— Hadron structure from the lattice
— Computational issues: cost, simulations and analysis
®* Methods for hadron structure on the lattice
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— Electromagnetic form factors of the nucleon
— Nucleon o-terms
— Nucleon to A transition form factors

® Qutlook and summary
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Lattice QCD

® Post-diction of experimentally
well known quantities

— Masses of low-lying hadrons

— Nucleon axial-charge g4

— Nucleon momentum fraction (z)

— Nucleon electromagnetic
form-factors

“Benchmark” or “Gold-plated”
quantities

® Pre-diction of experimentally less
(or not) known quantities

Nucleon scalar and tensor charges
gs, gt

Nucleon sigma terms

Axial charges of hyperons

Neutron electric dipole moment
Precision measurements of proton
radius, anomalous magnetic moment
of muon (hadronic)

Contact to new physics




QCD on the lattice

4D space - time lattice

| | | — 4D grid, spacing a, extent L
— Quark fields 1(z), 1 (z), gluon fields U, (z)
; — Finite a — UV cut-off

, Fulen)y — Finite L — quantized momenta Q%ﬁ
vz +3)
= w(x+2)
— Monte Carlo simulation for ensembles of gluon fields, & et
. . -1 . . PORTHER) R
with probability ¢5["*" "1 (Euclidean time) hare me;
X —1 . —1 g O
— Observables: (0) =3, O(M ", Uy), with M P =
the quark propagator ) £
— M, discrete covariant derivative (Dirac operator) —
: V(e —3)
4D stencil
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= Sources of uncertainty ® Current state-of-the-art

O(1,000) to O(100,000) independent — LZ5fm

statistics depending on observable and — a~0.1fm

required precision — Lattice sizes % 48% x 96 =
Take a — 0 limit (3 lattice spacings) O(107) sites

Take L — oo limit (2-3 volumes)

MM—il-eonditionedfor—m—<need-several NS

iy to take -, — 0 \\:\ —an
Simulations available at m, = mP™* N 7

Inclusion of disconnected quark loop
contributions
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Twisted mass fermions

Transform quark spinor fields ¢ = (;) to “Twisted Mass” basis:
1 1 -
X =—7=0+iv73)Y, X = —7=¢(1+ iys573).
ﬂ( 3) 7 ( 3)
Twisted mass fermion action:
Sp=xMx = a* > xX(@)[D[U] + m + ipys7s]x(w)
©
with D[U] = $[v.(V, + V) — aV,,V,] the massless Wilson-Dirac operator
— M = Merit  mMaximal twist”:
v Automatic O(a) improvement
v No additional operator improvement terms required

X lIsospin breaking at O(a?)
C. Alexandrou et al. arXiv:1406.4310
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a? (fm?)

Small isospin breaking effects - worst case




Simulation and analysis cost

Simulation cost Analysis cost

10° . .

4
10 T T T
O Nucleon mass at 1% error

O N;=2,10,000 trajectories, a ~0.09fm ]

é O Axial charge at 1% error
1
1

O N;=2+1+1, 10,000 trajectories, a ~0.09fm
1 O Proton radius at 1% error 4

Q

‘
10°h

64°-x128

48° x96

Cost [Tflop xyrs]
N
(=]

Cost [Tflop xyrs]
=
o

10"
107 1072
0.00 0.0z 0.04 006 008 0.0 012 0.14 0.16 0 0.05 0.10 0.15 0.20
mZ [GeV?] mZ [GeVY
— Twisted mass fermions — Analysis cost dominated by inversion
— N¢=2 and N;=2+1+1 flavors cost
— Empirical cost formula: — Up-scaled to 642 x 128
i 0.3GeV\Cp ¢ L \Cp(0.1fm" C, .
C™ o () L(ﬁ) L( am) ' — Peta-flop sustained — Exa-flop

mps
requirements
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Hadron masses

O Dxperiment

o . o
a L e — Physical point simulation: agreement with physical

7 my/mx ratio

9 — Chiral fi PRYS Jatti

E iral fit to mx > my  lattice data reproduces the
) physical poin
3 — Agreement between Ny =2 and Ny =2+ 1+1

simulations

02.00 0.05 0.0 0.15 020 025 0.30 035

m2 [GeV]
o A e e — 3
8 } = PACS-CS Ny=2+1+1 +—A—
361 Briceno etal. Ny=2+1+1 —— ‘i“ i A5 Gricenoetal N,=Z:i:: e ]
34l uetal w21 vt 1
al
= 32} 1 .
3 3r 7 "E 35 244 e
= 28} L = °r
el L et Eesa 1 Sl ]
241, L d
22} - 25| das T8 i
2
A % S A Q% Ze O b8 = o B [or Qcce
— Post-diction of observed charmed baryons (bands) C. Alexandrou et
— Prediction of yet to be observed Qcc, Q%., Qcce, and EF, al. arXiv:1411.3494
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Nucleon matrix element methods

Ot (o, i)
](3?5, ts )/—i\

— Matrix elements from three-point correlation functions \_._/I(O)

GEL (D, P b, ting) = D e PSP Pt aDY (0 (4, %) O (fing, Xins) T3 (0))

Xs:Xins

— Form an appropriate ratio with two-point functions:
’
R(T, ty, tins) ox M + Re 2shns) 4 R ¢=AMins | (™4 fins)

— M = (N|O|N) desired matrix element
— A, A’ energy gaps with 1 and 2" excited states
a) Take large time extents to yield “plateau value”

RO, t, tine) —222— TI(T)

s—tlins>
b) Sum over insertion time for “summation method”

ST R(T? t, tine) = Const. + Mt, + O(e”2%)

t;

ins

c) Fit including first excited state effects (A, R)




Nucleon matrix element methods

Fit to plateau Fit to summed ratio
v Fit to constant v/ Excited states enter as e~ 2%
X Excited states enter as X Two parameter fit: cross-correlations between
max eiA(”Sf"iﬂs), e~ Atins fit parameters = larger uncertainties
20
15

; -

o ° ./k’—k/"".

DR, 1)
4
w1

R (t,, 1)

0.0 oL "
-8 -6 -4 -2 0 2 4 6 8 4 6 8 10 12 14 16 18
(ti~ts/2)/a ts/a
1.0
0.9
— Example a lattice with m, ~ 370 MeV 08
— t, available from 0.7 - 1.5 fm .07 o o
= o .
— Fit to excited states not always possible X g‘g - ° s
— lIdeally, matrix element value and error confirmed 0_'4
by all available methods 03} =
° *
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Nucleon axial charge ¢4
— lsovector axial charge, from isovector axial vector current:
B u
Ol = Uysyuu — dysvud = v (p') [75% Ga(q") + }mvs G,J(qﬂ wv(Pp),

— ga = G4(0), isovector combination = no quark-loops at m, = mg limit
Directly accessible at ¢?=0

2.0 2.0
T e o
e t;=12a
1.5 1.5 §
- ﬁfﬁ{{—g—? %
= +d 3y ¢ }
£ 1.0 510
=
o 3% MW % 3 o5 °© ‘ ¢ } %
0'98 -6 -4 -2 2 4 6 0.0 10 12 14 16 sm

0
(ti-ts/2)/a

— Also showing connected isoscalar case: wysvy,u + ?i~/57“d

— Physical point lattice: m, = 0.135 GeV, a=0.094 fm, 48°% x 96

— ~1,500 configurations analyzed

— No detectable excited state effects while varying ¢, between 0.94-1.3 fm
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Nucleon axial charge ¢4

— Several lattice groups with
12 + T - simulations at near physical
X i i } § % pion mass
<91 l — Increased statistics required
due to increased noise-to-signal
ratio at physical point [scales

1.0 . 0
as "NT 3T
09 _;}N"f+m;r=of::;40.x;zo}m fm - — Dedicated study at physical
Br e o= 0054 tm - point will require three lattice
0.8 v hdbele ) ! ! spacings, at least two volumes
0.0 0.05 0.10 0.15 0.20

m_? (Gev?)

— Twisted mass, Ny = 2, C. Alexandrou et al. arXiv:1012.0857, 1411.3494
Twisted mass, Nf =2+ 1+ 1, C. Alexandrou et al. arXiv:1303.5979

— Ny =2 clover, G. Bali et al. arXiv:1412.7336; Ny = 2 + 1 DWF, T. Yamazaki et al.
arXiv:0904.2039; Ny = 2+ 1 DWF on a staggered sea, LHPC arXiv:1001.3620; Ny =2+ 1
clover, Green et al. arXiv:1209.1687

Tue Cyrrus

INSTITUTE



Nucleon axial charge ¢4

1~4 T T T T
13 B
— Several lattice groups with
12 F s T ; 4 simulations at near physical
2 %x T i § E T % N pion mass
o 11k % l T% § i — Increased statistics required
ue to increased noise-to-signa
T due to i d noise-to-signal
10 ratio at physical point [scales
0 - b 3,
AN,=2 Clover 2=0.08, 0.07, 0.08 fm as "N 2]
0.9 _;N,=2 TMF 2=0.089, 0.07, 0.056 fm iN,:zn DVF a=0.114 fom | — Dedicated study at physical
N,=2+1+1 TMF a=0.064, 0.082 fm N,=2+1 Hybrid a=0.124 fr} point will require three lattice
BIN,=2 TMF/Clover a=0.094 fm O N,=2+1 Clover a=0.116 fm| .
0.8 | | | | spacings, at least two volumes
0.0 0.05 0.10 0.15 0.20
m_2 (GeV?)
m

— Twisted mass, Ny = 2, C. Alexandrou et al. arXiv:1012.0857, 1411.3494
Twisted mass, Nf =2+ 1+ 1, C. Alexandrou et al. arXiv:1303.5979

— Ny =2 clover, G. Bali et al. arXiv:1412.7336; Ny = 2 + 1 DWF, T. Yamazaki et al.
arXiv:0904.2039; Ny = 2+ 1 DWF on a staggered sea, LHPC arXiv:1001.3620; Ny =2+ 1
clover, Green et al. arXiv:1209.1687
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Nucleon axial charge ¢4

u+d
8a

Rotins, ts) =

-0.05 W“‘%H fi ?{Jﬁﬁ%‘

Disconnected quark loop contributions Ol (3
Contribute to isoscalar combinations of u- and d-quark (Fing, tins)
currents. J (s, ts) —

s-quark contributions to nucleon matrix elements vﬂo)

0.05 0.01

0.00} !

-0.10] Loh -
— SM
é t=8a
-0.15{| ® t;=10a
0 t=12a
4 tg=14a
— ~0.05
O'ZQS 6 -4 -2 0 2 4 6 8 0'0—8 6 -4 -2 0 2 4 6 8
(tins—ts/2)/a (tins=ts/2)/a

()

Dedicated methods for stochastic evaluation of disconnected fermion loops

A. Abdel-Rehim, C. Alexandrou, M. Constantinou, V. Drach, K. Hadjiyiannakou, K. Jansen, G.
K., A. Vaquero arXiv:1310.6339

150,000 statistics at m, ~370 MeV, O(10%) more than connected

Contributions needed to isolate intrinsic nucleon spin contribution of individual u-, d- and
s-quarks
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Tensor charge

— Isovector tensor charge:

) 1 Av] o Av]
O};Z = oy, u—doy,d — on(p) |:G-}A,VAT10(Q2) + ’YWBM)((f) + TATIO(QQ) wn(P),

gr = Ar10(0) 12 ; T T T
— Ultra-cold neutron decay experiments for BSM I
— Consistency between lattice descritizations 1.1F J [ E
— Excited state effects expected small, based on i
high-statistics analysis at 370 MeV pion mass_ 4o | : _
— C. Alexandrou et al. arXiv:1411.3494 L :
o ;

09 : i

O N =2+1+1 TMF a=0.082fm
0.8 Fa N,=2+1+1 TMF a=0.064fm
B N 22 TMF/Clover 2=0.091fm

007 1 1 1
0.0 0.05 0.10 Q.15

m_? (GeV?)




Tensor charge

— Isovector tensor charge:

(1w A Y] [ Av]

Oly = wopyu—dou,d — on(p) {U,‘,VATm(tf) + ’YWBM)((f) + TATH)(QQ):| wn(P),

gr = Ar10(0)

— Consistency between lattice descritizations

Ultra-cold neutron decay experiments for BSM

Excited state effects expected small, based on

high-statistics analysis at 370 MeV pion mass

— C. Alexandrou et al. arXiv:1411.3494

— T. Bhattacharya et al. arXiv:1306.5435;
J. Green et al. arXiv:1206.4527;
G. Bali et al. arXiv:1412.7336;

| Te Cyprus

12 : . .
ok T . ] i
TLx i X Q Q
I Ti 1 I
- 10 I e
1 |
=]
= .
o9 b A N,=2+1 Clover a=0.116 fm |
: O N,=2+1 Clover a=0.09 fm
O N = =
O N,=2+1+ THF  2=0082fm g N =2+1 DWF a=0.084fm
0.8 [ AN:241+1 TMF 2=0.064fm N*:le:':C/lD" "0()‘:;“"
. over a=l mj
;32 THE/Clover a=0001tm % N'=2 Clover a=0.07fm

0.7 X N',-2+1+1 HISG/Clover a=0.12fm, & N'=2 Clover ag0.08fm
“00 0.05 0.10 0.15

m_ 2 (Gev?)
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Nucleon electromagnetic form factors

— From vector current:

q”

b= Gyt dy,d — on(p’) 7. FY (q)+%FV( q) | vn(p),

— Alternatively, the Electric (Gg) and (Ga) Sachs form factors:

2
p q
Gu(q") = F1(¢°) + = ——5 F2(d%), Gu(d®) = F1(d") + Fa(q")
(2My)
— Radii (Dirac and Pauli) defined as slope at Q% = 0: 092 % e
6 dF _ 0.90}
2 i
(ri) = 7EdQ2|Q2:0 %u.sa
0.86}
similarly for (%), (r%,) (Electric and magnetic) 084
— lIsovector and isoscalar combinations 1995 2000 2005 2010 2015

Year of publication

> Jiom = FUvLu— gdyud

> (plfaplp) — (nlienn) = (p\u’y“ u— dvy, d|p) - Isovector (no quark loop contributions)
prr m _ -

> (plianlp) + (nlieyIn) = 3 (pluyuu+ dvy, d|p) - Isoscalar (quark loop contributions)

> Pt =FY assumlng flavor SU(2) isospin symmetry,

> P4 Pt = LS ie. p4> nwhen u d

Tue Cyrrus
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Nucleon electromagnetic form factors

Dedicated study of disconnected contribution arXiv:1310.6339

0.04 0.03
0.03 0.02
0.02]
- A Lo ]
ol iy
5 0.00] T m = 0.00 1 I
= lJ t ) H it i
o oo | % 001 l} 1
-0.02
& t=8a _ ¢ t=8a
-0.03/| & t-10a 0.021 & ioa
@ t=12a 0 t=12a
— — 3
0'0%8 6 -4 -2 0 2 4 6 8 0'0*8 6 -4 -2 0 2 4 6 8

(ti-ts/2)/a

(ti~ts/2)/a
Twisted mass Ny =2 4+ 1+ 1, a ~0.085 fm, m, ~370 MeV
~ 150,000 statistics
Connected contribution O(1) = disconnected bound to ~1% at this pion mass




Nucleon electromagnetic form factors

B N;=2+1+1,m, =375 MeV, t;=1.4 fm
Lop e N:=2‘1 MeV, t,=1.2 fm
€@ N;=2,m;=135 MeV, t;=1.3 fm
0.8 ‘
)
0.6 *; .
>
© *5 e
0.4

02 PHeT A

00 02 04 06 08 10 12 14

0°[Geva

0.7,
0.6

z

£ 05 +

7204 %

o5

03

0&10 015 020 025 0.30 035 040

m;, [GeV]

F1(Q%) =

Fa(Q%) =

33 W N;=2+1+1,m; =375 MeV, t;=1.4 fm
3.0] ] @ N=2+141,m;210 MeV, =12 fin
Np =2, m;=135 MeV, t;=1.3 fm

25 % ; } ; p * t

©20 ‘ ; .

>§ 1.5 + N *
1.0 ¢ $ F ¢ iy
0.5

0'8.0 02 04 06 08 10 12 14
0’ [GevY

Three ensembles of twisted mass fermions
Physical point: Nf = 2, a ~0.094 fm,
my ~135 MeV

» ~1,000 statistics for t; — top = 1.1 and
1.3 fm, ~300 for 0.9 fm

ts — to > 1.2 fm
Tendency for steeper G and Gy as
my — 135 MeV = larger radii
Radii from fit to dipole forms:
1
(1+Q2/M2)2’
F2(0)

1+ Q2/M3)2




Nucleon electromagnetic form factors

1.0
@ TM N2, -0.9-1.3 fm
& TMNg=2,t =11 fm
0.8, @ TV N;=241+1,1,20.5-1.4 fm
W Clover, Ny=2+1,t, =0.9-1.4 fm
6 W Clover, Ny=2+1,t, =0.9-1.4 fm

*
*
J 45
% | % L — Including LHPC data: arXiv:1404.4029

0.2 % » Clover improved, a = 0.116 fm,
% Muonium

m, = 149 MeV

%10 015 020 025 030 035 040 > Consistency between the two
m;, [GeV] discretizations
10 ® TN 2009 13Mm — Curvature towards physical point
0.8 2 mm;l;“m‘os”m — Increasing trend for enlarging source-sink
= W Clover, N=2+1, =0.9-1.4 fm separation at near physical pion masses
g 0.6 = dovendrh 0 dm — Need ~1% error to contact experiment, or a
> multiple-fold increase in statistics.
204 b
R &
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Nucleon o-terms

— Pion-nucleon (light) o-term: o,nx = myq{N|au + dd|N)
— Strange o-term: oy = my(N|3s|N)

— Non negligible contribution from excited states

— Strange content:

2<N|_99|]\f> oo
YN= o =1 —
(Nl + dd|N) TrN - h
with 09 = myq(N|au + dd — 23s| N)
I
]
— Three estimates for o, n: H
45 4+ 8 MeV (GLS); 3"
64 4+ 7 MeV (GWU); £ 1
59 4 7 MeV (AMO);

- 0O = 36 £ 7 MeV B. Borasoy and U.-G. Meissner

— 09 = 58 = 8 MeV J. Alarcon, L. Geng, J. Martin Camalich, and J. Oller
— Yields: yy within 0.02 - 0.44 with at least 30% error
— Enters super-symmetric candidate particle scattering cross
sections with nucleon (e.g. neutralino through Higgs)
— First principles evaluation from the lattice

R ) 0 [MeV]
P

—

[ S
ey




Nucleon o-terms

C. Alexandrou et al. arXiv:1309.7768

o a=0064fm t=L15fm L=307fm & a=0.082fm t~148fm L=2.64fm
0 a=0064fm t =1.02fm L=205fm m a=0.082fm t =0.98fm L=197fm

4 a~0082fm t ~0.98fm L~264m o values
L —— bestfit: A+Bmps &mps <400 MeV 500 ' ! ! ! I '
025 \ - bestfit: A+B mps +C més O %
0.20
400 | 1
0.15 1
=
. 1 300 - 5
0.10 E
0.05 E" P
200 - L i
0.00 L, , , ‘ P
0.1 0.2 0.3 0.4
Mes [GeV] 100 F ~ 1
— Chiral extrapolation to physical pion mass ==
— yy = 0.173(29)(36)(19)(9) 0 & , Wamsd B . .
— Error budget includes excited states 0 20 40 60 80 100
(source-sink separation), chiral fit, lattice Onn [MeV]
spacing

Given yy can infer constraints on oy, 0o
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Noise reduction techniques

Use multiple measurements per gauge-field configuration
(e.g. multiple source locations)

Statistically independent for large enough volumes
Allows employing multiple right-hand-side solvers
Exact deflation via a polynomially accelerated Arnoldi

= A
inersion 26 propagators|

SuperMUC (Thin nodes)
2048 cores s, 4 proy

= o
[ ot 10 source posiions

600) 140) 2 10
s00 120 u
7 100
£ ag .
s Algorithmic Imp: Code optimisation
&0 60
200 0
0
100 2 §
o o
libged, CG, tmLQCD libqed, ARPACK, tmLQCD libghg, ARPACK, tmLQCD 1072

Relative error

Combination of both algorithmic improvements and code
optimisation for multiple-fold run-time improvement

Confirmed 1/+/N error scaling with up to 64 measuremeg

Time [hrs]
& w

10 20 30 40 50 60 70
Tehs

80

m, Neon=1665
iy, Neon=59

per configuration
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Nucleon to A electromagnetic transition

— Transition form factors:
(AW it N, 9) = 50 (0, 8) [Gan (VKT + Ga () KFE + Goa () KT | v, 9)

— Dominant magnetic dipole transition G
— Subdominant

» Electric quadrupole Gpo AT (1232)

» Coulomb quadrupole G o

p(938)

— Non-zero sub-dominants indicate an intrinsic
quadrupole moment

Experimentally used as probe for deformation in nucleon

C. N. Papanicolas, Eur. Phys. J. A18 (2003); N. Sparveris et al., PRL 94,
022003 (2005)




Nucleon to A electromagnetic transition

C. Alexandrou et al. arXiv:1011.3233

Di? 77777 7T7 11
E 247 % % B i 1
x R 3
2 +
el -
—61 ALEGS
W PD
0.0 0.2 0.4 0.6 a8 1.0
Q2 (Gev?)
o _J
o -t
g t
o
£ L .
[SErS D{ L .
t ]
—8-® hybrid m,_=353MeV 1 }
® DWF 330 MeV
—10-0 DWF m =297 MeV
0.0 D."Z 0.14 O:S U.‘& 10
@ (Gev?)

— Large uncertainties for sub-dominants
from the lattice
— However consistently negative and

non-zero
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Relative error

With USQCD group @ MIT

B ooy m G =) m Gu® =5)
1 B omy m Gk =3)
S
H “\\;
_ 1 -
107" I‘lljl
\‘I~‘
T LRR
Tw .\\I\i
5 [ Iy “REg
10 ~m_ -
"‘1{
.
10" 10
Npp or Nip

Domain Wall configurations by the RBC
collaboration

New methods for efficiently calculating correlation
functions at near-physical pion mass

m, = 180 MeV Domain Wall fermions
All-mode-averaging for 64 measurements per
gauge configuration

100 gauge configurations — 6,400 statistics




Nucleon to A electromagnetic transition

With USQCD group @ MIT

; S T
C. Alexandrou et al. arXiv:1011.3233 . T 180 MoV
od & | o 3.0 e mm, =297 MeV
? % \ —e Experiment
S Lo I 2.5
g B c S 20 E :
I 1 < h
0 Bat & 15
I 1.0
s i"g
00 02 o4 o6 o’ 10 0.5 L% -
Q? (Gev?) “‘!o m.___i_i
0.0— s
I E—— — 0.0 2.0 2.5
2
|t % H } 1 ¢ teew1
g t
x .
3 ‘ 1
i Py
~88 hybrid m,=353Me! 1 . . .
i M % — Domain Wall configurations by the RBC
1040 DRF m, =207 1a¥, : : collaboration
00 02 0.4 0.6 0.8 10 .. . .
Q2 (Gev?) — New methods for efficiently calculating correlation

functions at near-physical pion mass
— m,; = 180 MeV Domain Wall fermions
— All-mode-averaging for 64 measurements per
gauge configuration
100 gauge configurations — 6,400 statistics

— Large uncertainties for sub-dominants
from the lattice
— However consistently negative and

non-zero
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Summary

= LQCD benchmark quantities
— A number of lattice QCD calculations at physical pion mass
— Multiple lattice spacings and volumes required for removing all systematic
uncertainties

®" Need improved methods for efficiently increasing statistics at
physical point
— Multiple right-hand-side linear solvers
— Disconnected diagram calculations possible thanks to new computer
technologies (e.g. GPUs) and methods

= Paves the way towards precision nucleon structure calculations

— First pin down benchmark quantities, e.g. ga, ()
— Confidence in precision matrix element calculations
— Multiple observables in the pipeline: o-terms, tensor charge, EM form-factors
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Thank you!

A. Abdel-Rehim, C. Alexandrou, M. Constantinou, S. Dinter, V. Drach,
K. Hadjiyiannakou, K. Jansen, C. Kallidonis, J. Negele, M. Petschlies,
A. Strelchenko, A. Vaquero
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