HoRR IR A i

A y il
0 AT DA AR DN y . AN r_ﬂmf .
BRI 3 .,%a?.km_,,%w , Ay . AT

iversity

September 5, 2018

Temple

Lattice QCD

Martha Constantinou
Un
Brookhaven National Laboratory

=
O
o
)
Ll
O
Q.
QO
e
O
O
-
. @
R
ad




AN QU
A %Mww%% , R SRR
&Ty. mﬁw fe_vwi b A RERE 1..% ) mw% i

U f._n»‘w.nw,.ﬁ,:

)
ad
Q
=
Q
L
X
S
e
©
=
Q
O
v
©
d
-

0
W
o
o
Q
o

c

o9

i S

™

N D

T o

c 2

i)

o~

N o™

D. Transversity PDFs
ion

E. Discuss

i

o
}sV«.

i




iewicz
ty
iversity

iversi

1. University of Cyprus
Un

3. Adam Mick
4. DESY, Zeuthen

2. The Cyprus Institute
5. Bonn Un

S,
m.v
o v
O
- Q
0
O
©
ol
o
o
A

®)
e
-
o)
Q
©
n
?v

N
iy
O
R
®
£ -
o (7))
® i
) Q
o) =
S & |
L w
Ve w
A A

4
-
@
7
<
(©
J
X
A

2 C. Alexandrou "*
P K. Cichy °




2 C. Alexandrou

PR C'Chy : 1. University of Cyprus
PK. Hadjlyuannakou
P K. Jansen .
» H. Panagopoulos s e
2 A. Scapellato
2 F. Steffens

2. The Cyprus Institute

4. DESY, Zeuthen

5. Bonn University

Based on:

@ M. Constantinou, H. Panagopoulos,
Phys. Rev. D 96 (2017) 054506, [arXiv:1705.11193]

@ C.Alexandrou, K.Cichy,M.Constantinou,K.Hadjiyiannakou, K.Jansen, H.Panagopoulos, F.Steffens,
Nucl. Phys. B 923 (2017) 394 (Frontiers Article), [arXiv:1706.00265]

e C. Alexandrou K. Cichy, M. Constantinou, K. Jansen, A. Scapellato F. Steffens,
Phys. Rev. Lett, in Press, [arXiv:1803.02685]

@ C. Alexandrou, K. Cichy, M. Constantinou, K. Jansen A. Scapellato, F. Steffens,
[arXiv:1807.00232]




in hadron structure
?

%k How does the mass of the nucleon arise?

% How does the spin of the nucleon ar
... and measure PDFs in high accuracy

ISe

ar Science
ions

der Sc

&
-

ENGINEERING
MEDICINE

SCIENCES
An Assessment of

The National
Academies of

=5
2
e
=
n.
=
S
L e
)
=
Lid
=
o]
w
S
- -
o
=

.o 3

The EIC will address crucial quest




SCIENCES
ENGINEERING
MEDICINE

An Assessment of &
U.S.-Baggd Electronlon Collider Science

The National
Academies of

The EIC will address crucial questions in hadron structure:
% How does the mass of the nucleon arise?

* How does the spin of the nucleon arise?
... and measure PDFs in high accuracy

These questions can be addressed in Lattice QCD

EIC will come at a time when lattice QCD:
will be well into the exa-scale computing era
will reliably compute sea quark and gluon contributions
Is expected to reliably compute x-dependence quantities

Lattice QCD already showing promising results
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Not accessible in Euclidean lattice

PDFs parameterized in terms of off-forward
matrix elements of light-cone operators.
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matrix elements of light-cone operators.
n>3

(reconstructed via OPE)

& PDFs parameterized in terms of off-forward
On lattice

& Lattice QCD is ideal ab initio formulation

& Reconstruction unfeasible
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Iternative approaches to access PDFs

Hadronic tensor [K.F. Liu, Dong, PRL 72 (1994) 1790, K.F. Liu, PoS(LATTICE 2015) 115]
7 Compton amplitude and OPE (a. chambers et al. (acose), farxiv:1703.01153))

irect access to PDFs

v Quasi-PDFs

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002, arXiv:1305.1539]

7= Pseudo-PDFs

[A. Radyushkin, Phys. Rev. D 96, 034025 (2017), arXiv:1705.01488]

¢ Lattice cross-sections
[Y-Q Ma&dJ. Qiu, Phys. Rev. Lett. 120, 022003 (2018), arXiv:1709.03018 ]




& Alternative approaches to access PDFs

Hadronic tensor [K.F. Liu, Dong, PRL 72 (1994) 1790, K.F. Liu, PoS(LATTICE 2015) 115]
Compton amplitude and OPE (a. chambers et al. (acosp), farxiv:1703.01153]]

& Direct access to PDFs
r Quasi-PDFs

[X. Ji, Phys. Rev. Lett. 110 (2013) 262002, arXiv:1305.1539]

Pseudo-PDFs

[A. Radyushkin, Phys. Rev. D 96, 034025 (2017), arXiv:1705.01488]

' Lattice cross-sections
[Y-Q Ma&J. Qiu, Phys. Rev. Lett. 120, 022003 (2018), arXiv:1709.03018 ]

All methods have been investigated on the lattice
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Contact with light-cone PDFs feasible:

2 2

% Difference reduced as P increases (| "o
| P3 P3

%k Matching procedure in large momentum EFT
(LaMET) to relate quasi-PDFs to light-cone PDF




=

Ll

U
i\

it
(O

A AON L
(i

A\
'u}f‘g

N

Contact with light-cone PDFs feasible:

BN

%x 1l

4
e

& = | 7 = . ) 5
% Difference reduced as P increases (| ~o» "
P r

3

%k Matching procedure in large momentum EFT
(LaMET) to relate quasi-PDFs to light-cone PDF

i

Fir

S

st exploratory (nucleon) studies feasible:

CUB T
\ h

I
g SN
q .~/

MSTW
CJ12
Lattice

2.0

emmEmEmEEE ..
e
~
~
S

1.5

1.0

0.5

I_Llllllllllllllllllllll

0

N 2K
A A ey O
;—;@;‘1@0{@@0&2@2&%& ;
= e L XX RAR K EH
LR IRZZ

T e e i e e R

54510 (2015), arXiv:1402.1462] [C. Alexandrou, Phys:




TN

q
q
¢ B

JUPEFFEREFETEEEED B
TISTRTI ST

TR YT

i

L b
\ !

3

S8

L
220
3R

Q2
<D
A

%

K
9.
LK
SRR
T TSI Y Y AT

&2

T e
X ERIIXDKINHK
A ~\‘49.{0‘:¢0A0?0A: " o

UNSS Auiod L) i

T M. Constantinou




ot

g
q
¢ B

3R>
KD
LRSS
KRN
SR

5t
O ——

ki bl Wit v (e N UL B Lt G RS L

X

<

&
E
T

&
o,

%
é?

o (R

i
%

e
TR
207020620 %020
RARK R A

L0 PRZ

S Bty A AR A T Yo i 3 . 3 5 T . ; — T S I T R = e

T ' -_ Constantinou



e ed

f quasi-

T
: ] g =N
2.0} : ] q 222

2.5

1.5f
| 1.0f
=S :
0.5;

o

—0.5—

3k Calculations significantly improved...

[X. Xiong et al., arXiv:1310.7471], [H-W. Lin et al., arXiv:1402.1462], [ Y. Ma et al., arXiv:1404.6860],

[Y.-Q. Ma et al., arXiv:1412.2688], [C. Alexandrou et al., arXiv:1504.07455], [H.-N. Li et al., arXiv:1602.07575],

[J.-W. Chen et al., arXiv:1603.06664], [J.-W. Chen et al., arXiv:1609.08102], [T. Ishikawa et al., arXiv:1609.02018], -
[C. Alexandrou et al., arXiv:1610.03689], [C. Monahan et al., arXiv:1612.01584], [A. Radyushkin et al., arXiv:1702.01726],
[C. Carlson et al., arXiv:1702.05775], [R. Briceno et al., arXiv:1703.06072], [M. Constantinou et al., arXiv:1705.11193], :
[C. Alexandrou et al., arXiv:1706.00265], [J-W Chen et al., arXiv:1706.01295], [X. Ji et al., arXiv:1706.08962],

[K. Orginos et al., arXiv:1706.05373], [T. Ishikawa et al., arXiv:1707.03107], [J. Green et al., arXiv:1707.07152],

[Y-Q Ma et al., arXiv:1709.03018], [I. Stewart et al, arXiv:1709.04933], [J. Karpie et al., arXiv:1710.08288,

[J-W Chen et al., arXiv:1711.07858], [C.Alexandrou et al., arXiv:1710.06408], [T. Izubuchi et al., arXiv:1801.03917],
[C.Alexandrou et al., arXiv:1803.02685], [J-W Chen et al, arXiv:1803.04393 ], [C.Alexandrou et al., arXiv:1807.00232], ...
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3k Calculations significantly improved...

[X. Xiong et al., arXiv:1310.7471], [H-W. Lin et al., arXiv:1402.1462], [ Y. Ma et al., arXiv:1404.6860],

[Y.-Q. Ma et al., arXiv:1412.2688], [C. Alexandrou et al., arXiv:1504.07455], [H.-N. Li et al., arXiv:1602.07575],

[J.-W. Chen et al., arXiv:1603.06664], [J.-W. Chen et al., arXiv:1609.08102], [T. Ishikawa et al., arXiv:1609.02018], -
[C. Alexandrou et al., arXiv:1610.03689], [C. Monahan et al., arXiv:1612.01584], [A. Radyushkin et al., arXiv:1702.01726],
[C. Carlson et al., arXiv:1702.05775], [R. Briceno et al., arXiv:1703.06072], [M. Constantinou et al., arXiv:1705.11193],

[C. Alexandrou et al., arXiv:1706.00265], [J-W Chen et al., arXiv:1706.01295], [X. Ji et al., arXiv:1706.08962],

[K. Orginos et al., arXiv:1706.05373], [T. Ishikawa et al., arXiv:1707.03107], [J. Green et al., arXiv:1707.07152],

[Y-Q Ma et al., arXiv:1709.03018], [I. Stewart et al, arXiv:1709.04933], [J. Karpie et al., arXiv:1710.08288,

[J-W Chen et al., arXiv:1711.07858], [C.Alexandrou et al., arXiv:1710.06408], [T. Izubuchi et al., arXiv:1801.03917],
[C.Alexandrou et al., arXiv:1803.02685], [J-W Chen et al, arXiv:1803.04393 ], [C.Alexandrou et al., arXiv:1807.00232], ...

2 ... and extended to other hadrons
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Multi-component task:

3k Calculation of 2pt- and 3pt-correlators

(N|N), AN |y ()L A(z,0)p(0)| N)

dependence on : length of Wilson line z and nucleon momentum P
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3k Fourier transform to momentum space
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5k Construct
complex function, presence of mixing (certain cases)

Multi-component task

5k Renormal
3k Matching to light-cone PDFs (LaMET)

3k Fourier transform to momentum space
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3k Calculation of 2pt- and 3pt-correlators

(N|N), Ny ()L A(z,0)p(0)| N)

dependence on : length of Wilson line z and nucleon momentum P

2k Construction of ratios at zero momentum transfer

5k Renormalization
complex function, presence of mixing (certain cases)

3k Fourier transform to momentum space

3k Matching to light-cone PDFs (LaMET)

5k Target mass corrections
elimination of residual my /Ps dependence




[C. Alexandrou et al., (PRL), arXiv:1803.02685], [C. Alexandrou et al., arXiv:1 807.00232]

Nf=2 twisted mass fermions & clover term

Ensemble parameters:

=210, csw=1.57751,  a=0.0938(3)(2) fm
483 x 96 ap = 0.0009 mpy = 0.932(4) GeV
L=45fm | mx=0.1304(4) GeV mL = 2.98(1)
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(0.83 GeV)




Parameters of Calculation |

[C. Alexandrou et al., (PRL), arXiv:1803.02685], [C. Alexandrou et al., arXiv:1807.00232]

2k Nf=2 twisted mass fermions & clover term

- %k Ensemble parameters:

$=2.10,  csw=1.57751,  a=0.0938(3)(2) fm
483 x 96 ap = 0.0009 mpy = 0.932(4) GeV
L=45fm | m; =0.1304(4) GeV m, L = 2.98(1)

2k Nucleon momentum & statistics:
P = ° (0.83 GeV) P =% (1.11 GeV) P =

InS. NCOHf Nmeas InS. NCOIlf Nmeas InS.

~v3 100 9600 | ~3 425 38250 | 3
v 50 4800 | ~o 425 38250 | o
vsvs 65 6240 425 38250

5k Excited states investigation:
T.=8a,9a,10a,12a (T =0.75,0.84,0.094, 1.13fm)
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Noise-to-signal ratio increases with:
# Hadron momentum boost

~ # Simulations at the physncal pomt
# Source-sink separatlon
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Noise-to-signal ratio increases with:
 # Hadron momentum boost

¢ Simulations at the physical poin

¢ Source-sink separation

Noise problem must be tamed to investigate uncertainties

Momentum smearing
[G. Bali et al., PRD93, 094515 (2016)]
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¥ Momentum smearing helps reach higher momenta




- Noise-to-signal ratio increases with:
¢ Hadron momentum boost
¢ Simulations at the physical point
¢ Source-sink separation

Noise problem must be tamed to investigate uncertainties

Momentum smearing
[G. Bali et al., PRD93, 094515 (2016)]

109 ¢ - - - - | 1x108
e _
£=0.15
* £€=0.3
£€=0.45
£=0.6
£ =0.75

1x10’

—
o

1x10°

Relative error on C?/!(t)
cost [CPUh for 10% error]

Toin~1.13fm

100000 ' ' '
0.6 0.8 1 1.2 1.4

_ | | | P3 [GeV]
¢ Momentum smearing helps reach higher momenta

¢ But limitations in max momentum due to comput. cost
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Unpolarized: - -
3 Initial studies used y# in same direction witt

%k Mixing with higher twist revealed perturbat
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[ M. Constantinou, H. Panagopoulos, Phys. Rev. D 96 (2017) 054506, [arX
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Unpolarized:
2K Initial studies used yH in cg/ “edctlon with Wllson line

2k Mixing with hlgher Psb cvealed perturbatively
%k No mlxmg for 0 (perpendicular to Wllson line)

[ M. Constantlnou H. Panagopoulos Phys. Rev D 96 (2017) 054506, [arXiv:1705.11193]
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* Slmllar general features for polarlzed and tranSversnty
%k Highest priority: dellver reliable results
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Analyses techmques

* Single- -state fit,

Two-state fit,
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Conclusnons
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* Tsmk =8a heavuly contammated by excited states
* T sink=9a-10a not consistent within uncertainties

"' M. Con stantinou




= Analyses techniques: |
2k Single-state fit, Two-state fit, Summation method
P=1.4 Geu\j

2. :
0 ts=83 —
1 8 ts=9a : T
t.=10a
1.6 to=12a
1.4 summation
1.2 2-state

1.0
0.8

0.6 t;=8a

' g t.=9a
0.4 t,=10a
0.2 to=12a

SR N S . summation
0.0 o R ’ 2-st|ate
'0.2 L 1 1

10 6 8 10
z/a

- Conclusions:
2k Tsink=8a heavily contaminated by excited states

3k Tsink=9a-10a not consistent within uncertainties

! Crucial to have same error for reliable 2-state fit
| Excited states worsen as momentum P increases
! For momenta in this work, Tk=1fm is safe
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Comparison with phenomenology becomes a real

possibility

Identification and el
[M. Constantinou, H. Panagopoulos, Phys. Rev. D 96 (2017) 064506, arX
[C.Alexandrou et al., Nucl. Phys. B 923 (2017) 394 (Frontiers Article), arX

Renormal
3k RI’-type, employed non-perturbat

2k Proposed scheme now used in other stud

Critical part of calculat
3k Applicable for cases of m

3k El
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attice Matrix Elements
. Renormalization
. Towards light-cone PDFs

T M. onstantino




lattice data (P=1.4Gev):

T ' -_ Costantino




.

T ' -_ Costantino



Evolutuon of Iattlce data (P 1 4GeV):
* Fourler Transform of renormarmallzed matrlx elements

* Matching of quasi-PDFs (LaMET)

[C. Alexandrou et aI (PRL), aer 1803. 02685]

‘Unpolarized | Polarlzed

Aq
~=Aq (no TMCs)

[' M Constantmou'



‘Evolution of lattice data (P=1.4Gev):
* Fourier Transform of renormarmallzed matrlx elements
%k Matching of quasi-PDFs (LaMET)

[C. Alexandrou et al., (PRL), arXiv:1803. 02685]

%k Target IVlass Correctlons (mn/P: flnlte)
[J.W. Chen et al._,-Nucj. P_vh‘ys._BQ'vM (201 6) 246, arXiv:,1 603.06664] ' |
Unpolarized Polarized

q - AG
(no TMCs) , , Agq (no TMCs)
(with TMCs) A = Ag (with TMCs)

"T" M. Constantinou



Evolution of lattice data (P=1.4Gev): %
%k Fourier Transform of renormarmalized matrix elements

%k Matching of quasi-PDFs (LaMET)

[C. Alexandrou et al., (PRL), arXiv:1803.02685]

3k Target Mass Corrections (ma/P: finite)

[J.W. Chen et al., Nucl. Phys. B911 (2016) 246, arXiv:1603.06664]

Unpolarized = Polarized

q ' Aq

q (no TMCs) Agq (no TMCs)
e ¢ (with TMCs) ' e Aq (with TMCs)
=== NNPDF3.1 , A === NNPDF'1.1pol




T

ucleon boost dependence:
- | Unpolarized == -
. |6m/L ~ |6n/L
8n/L 8n/L
P 107/L [ 107/L
. 1CJ15 T IJAMIT
I ABMP16 | I DSSV08
IIUNNPDF3.1

-

-1 -0.5 0
x

2k Increasing momentum approaches the phenom. fits
-a saturation of PDFs for p=8n/L and p=10mx/L

- 0<x<0.5 : Lattice polarized PDF overlap with phenomenology

2k Negative x region: anti-quark contribution

x~1: affected by finite nucleon momentum

M. Constantinou



ucleon boost dependence:
Unpolarized

2677?[/ ‘:Iﬁﬂ'?L
87 /L s /L
-_107T/L ‘ P 107/L
C oI5 T IJAMIT
B ABMP16 I DSSV08
B NNPDF3.1 |

6

-1 -0.5 0
x

%k Increasing momentum approaches the phenom. fits
a saturation of PDFs for p=8r/L and p=10mx/L

2k 0<x<0.5: Lattice polarized PDF overlap with phenomenology

2k Negative x region: anti-quark contribution

x~1: affected by finite nucleon momentum




‘Simulations at physical my crucial for above conclusions

Unpolarized

6

T 16n/32
] 8 /32
I 107/32
Q5
I ABMP16
T NNPDF3.1

I 67/32, B55

[ 107/48, phys.point
[T 7 CJ15

B ABMP16

I NNPDF3.1
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Simulations at physical m; crucial for above conclusions

Unpolarized

T 16n/32
] 87/32

- | mr=375MeV:
e Lattice data saturate away
_from phenomenology

I NNPDF3.1

I 67/32, B55

[ 107/48, phys.point
[T 7 CJ15

B ABMP16

I NNPDF3.1

T Constantin ou
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T 16n/32
] 8 /32
I 107/32
Q5
I ABMP16
T NNPDF3.1

I 67/32, B55

[ 107/48, phys.point
[T 7 CJ15

B ABMP16

I NNPDF3.1

-1

Mz = 375 MeV:
Lattice data saturate away
from phenomenology

Mp= 132, 375 MeV
Significant pion mass
dependence |
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[C Alexandrou et al., aanv 1807 00232]

0.83 GeV
= 1.11 GeV
= 1.38 GeV

-1 0.5 0 T
* Mlld dependence on nucleon momentum

* Integral of PDF (gT=1 09(11)) compatnble with results
from moments [C Alexandrou et al., Phys Rev D95, 114514(201 7)]

T '-; Constantino



_[C. Alexandrou et aI aanv 1807 00232]

P =0.83 GeV o | _htlb—d,lattwe

e P — 1.38 GeV | —SIDIS_;’_glattzce

-1 0.5 0 1 -1 0.5
. * Mlld dependence on nucleon momentum

--* Integral of PDF (gT=1 09(11)) ccmpatlble with results
' from moments [C. Alexandrou et al., Phys. Rev. D95, 114514(2017)]—

* * Lattlce data from quasi- PDFs more accurate that SIDIS

* SIDIS |mproved with gT'-at constramts but ab initio

{ quasu PDFs statlstlcally more accurate
T M Constantinou - 28




ards light-cone PDFs
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T M. onstantino



0
4

L
TR

Great progross over the last years:




reat progress over the last years:

Simulations at the physical point

'Unpolarized operator that avoid mixin

First results for transversity PDFs

Development of non-perturbative renormalization
Improving matching to light-cone PDFs




at progress over the last years:
Simulations at the physical point

Unpolarized operator that avoid mixing (Y.)

First results for transversity PDFs *

Development of non-perturbative renormalization
Improving matching to light-cone PDFs

urther investigations:




“Discuss

Great progress over the last years:
5k Simulations at the physical point

3k Unpolarized operator that avoid mixing (Y.)

5k First results for transversity PDFs

5k Development of non-perturbative renormalization
3k Improving matching to light-cone PDFs

Further investigations:

3k Careful assessment of systematic uncertainties
Volume & quenching effects, continuum limit, ...

%k Increase of momentum seems a natural next step
BUT is a major challenge if reliable results are desired

3k Other directions should be pursued, with more urgent a
2-loop matching
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b Standard Fourer (SF) 0= ZPJ & 3h(z)

Zmax

can be written using mtegratlon by parts (DF)
zsz3 = dZ elXZP3

G(x) = h(z) | - —H(2) .
2r ix [HW. Lin et al., arXiv:1708.05301]
Standard FT - Derivative FT =
q » q
| —q : | =(q
- NNPDF3.1 : - NNPDF3.1

0
x

3%k Truncation at zmax (SF) vs neglecting surface term (DF)
(latter non-negligible numerically)

- 3 Oscillations reduced for DF, but small-x not well-behaved

3k SF, DF different systematiCS but DF uses interpolated data
mstead of raw ME = enhanced cut-off effects




Ostout [| O 0 stout
5 stout = 5 stout
10 stout| | 10 stout
15 stout| | % 15 stout

—
0 stout ||
5 stout
10 stout

15 stout

0 stout
5 stout
10 stout
15 stout

| 0
z/a

-10

z/a

| 2% Renormalized ME have no dependence on the stout smering |
M. Constantinou | . 34 | | -




