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Parton Distribution Functions

8§ PDFs are universal quark/gluon distributions of nucleor

X Many ongoing/planned experiments
(BNL JLab JPARC, COMPASS GSl, EII{é,C

Electron lon Collider:
The Next QCD Frontier

Imaging of the proton

How are theseaquarks and gluons,
and their spins, distributed in space an
momentum inside the nucleon?

EIC White Paper, 1212.1701
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Parton Distribution Functions

8§ PDFs are universal quark/gluon distributions of nucleor

X Many ongoing/planned experiments
(BNL,JLah JPARC, COMPASS, GSI, EHeC ...)

§ Important inputs to discern new physics at LHC
X Currently dominate errors in Higgs production

HIGGS PRODUCTION

o (8 TeV) uncertainty
Nomw | 99—=H [195p0| 14.7% | N
VBF |[156p0| 2.9% | N
NNLOQCD | i 0.70pb| 3.9% | HEl W Fores
ZH 10.39pb| 5.1% | N
NLO QCD ttH 0.13pb | 14.4% | NG

(J. Campbell, HCP2012)
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Global Analysis

§ Experiments cover diverse kinematics of parton variable
X Global analysis takes advantage of all data sets

Theory . ‘

Input
8 Some choices mac

for the analysis

Global Analysis
€  of PDFs

X Choice of data sets and kinematic cuts
X Strong coupling constant| (M,)
X How to parametrize the distribution

w @ )

o (P @ VW

X Assumptions imposed
SU(3) flavor symmetry, charge symmetry, strange and sea distributions

r MICHIGAN STATE
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Input
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Global Analysis

§ Discrepancies appear when data Is scarce
§ Many groups have tackled the analysis
X CTEQ MSTW, ABM, JR, NNPDF S —

1 1 ' 1 ' 1 | ' 1

— CJ12midl I
—— CT10 | I
——— MSTWo0d !

= ABKM0d
1

0.8

0.6

d/ u

!

!

I .
0.4 .
1

021 Q2 =100 GeV?

0 . 1 . 1 .
0 0.2 0.4 0.6 | 0.8 1

I
!
!
!
!
!
!
!
!
!
!
!
!
!
!
|

JimenezDelgado, Melnitchouk, Owens,

J.Phys G40 (2013) 09310
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What caniwe)do on the latticé?/1ice?
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Lattice QCD 101

§ Lattice QCD Is an ideal theoretical tool for investigating
strong-coupling regime of quantum field theories
§ Physical observables are calculated from the path integ

(Mo (r /A m)|m P - gr Qg i D)

in Eudlidianspace
X Quark mass parameter
(described byd ) qguark field

X Impose a UV cutoff \ ”' ’ ‘I

discretize spacetime "

X Impose an infrared cutoff gluon field ([ - L
finite volume XY, 2 ”k_ﬂ

8§ Recover physical limit

a O a WO TLLO KW t 5

r & MICHIGAN STATE .
S raearaann Huey-Wen Lin— YITP, Kyoto, 2018




PDFs on the Lattice

§ Lattice calculations rely on operator product expansion,
only provide moments

& O

most well known

| - {w) Q oo N(w
Quark densitylinpolarized
- O ©) s
Helicity
longitudinally polarized

¢ - ¢ (@) Qo N(w

Transversity very poorly knowr
transversely polarized

8 True distribution can only be recovered widh moments

f MICHIGAN STATE Huey-Wen Lin— YITP, Kyoto, 2018
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Problem with Moments
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Problem with Moments

§ For higher moments, ops mix with lowdmmension ops
X Renormalization is difficult too

§ Relative error grows in higher moments
X Calculation would be costly and difficult

LHPC (SCRI, SESAM):

Dolgov et al. PRD66, 034506 (2002) 2f Wilson and clover

Gockeler et al. PRD71, 114511 (2005)

O.25-""I""l""l""l T [ 0.15_"QCI'D'S‘F’.10:f"'l"" [
0200 T ©SCRI  ©QCDSF ,8:6 0 } - ©SCRI o QCDSF ,8:6 0

i OSESAM  ©QCDSF =62 | & O0SESAM © QCDSF =62 |
0.15E & 5 QCDSF p=6.4 4 U10p 5 QCDSF f=6.4

e EILTHOVE 2o ) ST

_0'05:_,“.|..,.J....J.,..|.,.,1. .05'4...|..,.J....J.,..|.,.,1..
0 025 0.50 0.75 1.00 1.25 0 025 050 0.75 1.00 1.25
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State -of -the -Art Moments

§ FLAG ratlng System PNDME, 1506.06411; 1606.07049

e
x°
8 New: excitedstate ratlmg et .
’N‘ -«."J-":B:Qr | e EJ -\“ﬁgﬁ --'ﬂ-‘z"xﬁ. \31"2&
a3 %) =
o I
Collaboration Ref. o Ny o 0 o (i\ ¢ gr
PNDME'15 This work P 24141 * w * * * 1.020(76)*
ETMC'13 [30] C 24141 | o O H * 1.11(3)®
LHPC12 [28] A 2+1 * O x O * 1.037(20)°
RBC/UKQCD’10 [29] A 2+1 O u w * * 1.10(7) .
RQCD’14 [31] P 2 * * * @) * 1.005(17)(29))"
ETMC'13 [30] C 2 * u O u O 1.114(46) f
RBC08 [32] P 2 u u x B * 0.93(6) =
8T 8s
- 0.50 0.75 1.00 1.25 0 0.5 1.0 1.5 2.0 2.5 3.0
& L IR ELLELELES EANLEA e e
T [ PNDME 15 3 ——s PNDME'16 (] [\ — Mp)QCP
= L N P,
=
3 = LHPC "12 = 2.59(49) MeV
é‘ — RBC/UKQCD "10 i f——-=a———1 LHPC’12
. —— ETMC 15 = s PNDME '11
L 1o RQCD "14
—a— RBC "08
L S :
& Goldstein '14 = RQCD 14
S —— Pitschmann'14
£ Kang '15 .
2 Anselmino’13 E —e—i Gonzalez-Alonso "14
£ Bacchetta "13 g
= ) = Adler 75
....|....|....|....|Fuyut013 T
0.25 0.50 0.75 1.00 1.25 0 0.5 1.0 1.5 2.0 2.5 3.0
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State -of -the -Art Moments

§ Improved transversity distribution with LQ@P

X Global analysis with 12 extrapolation forms:Q  p8ut @u Y
X Use to constrain the global analysis fits SIDIS production data

R

from proton and deuteron targets

1 hy T | B SIDIS+lattice (b)
1 .2 6f [ SIDIS
0 S
3
4
—1 E
=
—9 hii } é 27
.
e e T % o5 1
0 0.2 0.4 0.6 €T ) gr

Lin, Melnitchouk, Prokudin, Sato, Phys. Rev. Lett. 120, 152502 (2018)

MICHIGAN STATE Huey-Wen Lin— YITP, Kyoto, 2018
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Beyond Traditional Moments?

§ Longstanding obstacle!
§ Holy grail of structure calculations

§ Applies to many structure quantities:
X Generalized parton distributions (GPDSs)

X Transversemomentum distributions (TMD)
X Meson distribution
X Wigner distribution

‘ MICHIGAN STATE Huey-Wen Lin— YITP, Kyoto, 2018
UNIVERSITY



Beyond Traditional Moments?

§ Reaching for higher moments

X Fictitious heavy quarks Qetmold and Lin,
hep-lat/0507007 )

X Smeared lat. opsavoudi et al. 1204.4146)

§ Direct calculation ox dependence

X Hadronic tensor currents
(Liu et al., hep-ph/9806491, ... 1603.07352)

X Inversion method/OPE without OPE
(QCDSEF, heplat/9809171,6 1 703 . P1153

X Euclidean correlation functions RQCD, 1709.04325)

X Lattice crosssection method(Y.-Q. Ma and J. Qiu, 2014, 2017)

X Large-momentum effective theory (LaMET) and variations
Xx Original L PNDET (meldhidhialisl i)
X PseudePDF method: differs in FT A. Radyushkin 2017)
X Smeared quasiPDF C. Monahan and K. Orginos, 2017)

r MICHIGAN STATE Huey-Wen Lin— YITP, Kyoto, 2018
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Al TRanmoayig s Newg Do N el avi

LargeMomentum Effective TheontL&MET]
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Lattice Parton Physics Project (LP
https://www.pa.msu.edu/~hwlin/LP3/

h s
=== . 1 —
o N

Aot

LA Sl
~ sy
]

X '

i
3 7/ . -~
i £ A . =
, 7 ‘“ \ .=

HWL XiangdongJi LuchangJdin Ruizi Li Yi-Bo Yang Yong Zhao
(MSU) (UMD) (Conn) (MSU¥*) (MSU) (MIT)

International collaborators

Jiunn-Wei Chen vy, sheng Liu  Andreas Schéfer JianHui Zhang
(NTU) (SJTU) (Regensburg) (Regensburg)
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A New Direction

LargeMomentum Effective Theor @MET ;5007 0015

§ Calculate the parton distributions through the
Infinite-momentum framereynman, Phys. Rev. Lett. 23, 1415 (1969)

X4
X t

§ Finitemomentumaquark distribution

(quastdistribution)
X Suggested operator

Q(x, u, P,) = f% _’”T‘gk (P‘;&(z)yz exp( r,gf dz' A,(z )) :,b(O)‘P)

T~ . LatticegcoordmateT T

e QI y y Product of lattice gauge links
hadron momentumo {0 hrt) }

A A VS V7 )

8§ Take the IinfiniteR, limit to recover lightcone functions
X Just another limit to take, like taking® 1m0or W° Ho

r MICHIGAN STATE Huey-Wen Lin— YITP, Kyoto, 2018
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Progress in the theoretical
development of LaMET

 Renormalization:
Ji and Zhang, 2015; Ishikawa et al., 2016, 2017; Chen, J1 and Zhang, 2016;

Xiong, Luu and Meifner, 2017; Constantinou and Panagopoulos, 2017; Ji, Zhang, and Y.Z |
2017;J. Green etal., 2017; Ishikawa et al. (LP3), 2017; Wang, Zhao and Zhu, 2017; Spanoudes

and Panagopoulos, 2018.

* Factorization:

Ma and Qiu, 2014, 2015, 2017; Izubuchi, Ji, Jin, Stewart and Y.Z., 2018.

« One-loop matching:

Xiong, Ji, Zhang and Y.Z., 2014; Ji, Schaefer, Xiong and Zhang, 2015; Xiong and Zhang, 2015;
Constantinou and Panagopoulos, 2017; 1. Stewart and Y. Z., 2017; Wang, Zhao and Zhu, 2017,

Izubuchi, Ji, Jin, Stewart and Y.Z., 2018.

* Power corrections:

J.-W. Chen et al., 2016; A. Radyushkin, 2017.

« Transvers momentum dependent parton distribution function:

Ji, Xiong, Sun, Yuan, 2015; Ji, Jin, Yuan, Zhang and Y.Z., 2018; Ebert, Stewart and Y.Z., in progress.

Slide credit: Yong Zhao, CIPANP 2018 Plenary talk
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LaMET : Step -by -Step

LargeMomentum Effective Theory for PDE:g 5oois

1) Caloulate nucleommathrixeélements onlihé:lattice

Q (P v 7. exp(—ig fo daz Az(z’)) w(0)| P)

o . =
o 1V

Huey-Wen Lin— YITP, Kyoto, 2018



LaMET : Step -by -Step

LargeMomentum Effective Theory for PDES;
1) Caloulate nucleommathrixeélements onlihé:lattice

Q ( | ¥(2) y. exp —zgfo dz' A(2 )) w(0)|P)

3.0F
2.5F
— 2.0F
=)
B 15F

=

E 1.0F

M, = 310 MeV,a = 0.12fm
HWL et al. 1402.1462

MICHIGAN STATE
UNIVERSITY

PRL. 111,
02 (2013)

Huey-Wen Lin— YITP, Kyoto, 2018

0.43,0.86,1.29} GeV



LaMET : Step -by -Step

] -di, PRL. 111,
LargeMomentum Effective Theory for PDE:g 5o
2) Compute“ggasi-disrgbtitipn’Mau t 1 on”

e Qa " en
Nt ho) — Q Qo ho )

T
M, = 310 MeV,a = 0.12m P {0.43,0.86,1.29} GeV
HWL et al. 1402.1462
1.5F -
3., 10|
l =
= 0.5f ' ]
0: 1 | |
1 0 1 2 3
X

Huey-Wen Lin— YITP, Kyoto, 2018



LaMET : Step -by -Step

LargeMomentum Effective Theory for PDE:g "oois
3) Recovertinue distribution (take &, 2> kb limitt))

AGH D) O(-h) aefi) v j0) v(x D)

A

" Finite P, ~ Y perturbative matching A
Waftjo) &8 (@ p) —a(chjo)
Non-singlet case only
X. Xiong, X. Ji, J. Zhang Y. Zhao, 1310.7471;
Ma and Qiu, 1404.6860
N /

Huey-Wen Lin— YITP, Kyoto, 2018



LaMET : Step -by -Step

LargeMomentum Effective Theory for PDE:g "oois
3) Recovertinue distribution (take ¥, 0 Hb limitt))

AGH D) O(-h) aefi) v j0) v(x j0)

Dominant correction )
(for nucleon);
known scalingform
HWL et al. 1402.1462
J.W. Chen et al, 1603.06664
\. Y,

Huey-Wen Lin— YITP, Kyoto, 2018



LargeMomentum Effective Theory for PDES;
3) Recovertinue distribution (take ¥, 0 Hb limitt))

n(ct )

(-

LaMET : Step -by -Step

PRL. 111,
02 (2013)

)A('H‘D v jo) v(v jO)

N

complicated highertwist operator;

smaller P, correction for nucleon

(extrapolate it away)

\

J.\W. Chen et al, 1603.06664 and reference within

_

MICHIGAN STATE
UNIVERSITY

ﬁ—)é(‘ ) (—) E

Huey-Wen Lin— YITP, Kyoto, 2018

§ Some similarity in more broadly i dzZRA SR | v 9 ¢
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LaMET : Step -by -Step

LargeMomentum Effective Theory for PDE:g "oois
3) Recovertinue distribution (take &, 2> kb limitt))

ACaft 1D ) o(-h) A v (® j0) (v j0)

1.5

HWL et al. 1402.1462

1.0:— Before mqtching:

1.5F
0.5
: 1.0{

0 |
0.5F

T = 5
10 05 0 05 10 15 .

Ly PR Jiity l 5 . . o 14
-1 0 1 2 3

§ Matching Is a vxery crucial step in recovering the true
lightconedistribution

r & MICHIGAN STATE .
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Nucleon Unpolarized PDF
8§ From 2014 to 2018

25f1' RN T X ]

] T  W.un,J.chens.conen, | 8 FIrst result in 2014
o T b . =X X.Ji, PRD91 (2015), | _ -
> 103_ \ 1 (M, L=4.5)
i | . X Largestyd p® GeV
0.5 | ] — :
= .4 X 1l-loop- 3matching +
S I target-mass correction
_0.51 | 1 i A | - 1 ]

-04 -0.2 0 02 04 06 08 1.0

§ Updated results in 2017/18

X Improved gquaskdistribution definition

X RI/MOM nonperturbative renormalization and
corresponding matching to lightcone distribution

r MICHIGAN STATE Huey-Wen Lin— YITP, Kyoto, 2018
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Nucleon Unpolarized PDF

§ From 2014 to 2018 T
1.0
(Similar results repeated by 08 |+
ETMC’ = 06':_ ,4/-}1}\
atd oxoc Apga ™ Qa|.L | -
ETMC, 1504.07455 0.4l
024

MSTW

CJ12

CT14
XQSM

E866 NuSea

Lin, Chen, Ji |

ETMC

8 Updated results in 2017/1¢ S

X Improved gquaskdistribution definition
X RI/MOM nonperturbative renormalization and
corresponding matching to lightcone distribution
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Physical Pion Mass Results

SOEOAGAY3IH ¢g2 O2ftfl 02NI A
X Boostmomental p8' A6
X Study of systematics still needed

o I i .
[ Pz — 8,'.' ] 6 | ,
al [6m/L u— d
[ * 3w/ L
f CT14 ] 4 t 107/ L 0.83, 1.11, 1.38 GeV
2r E M CJ15
> o q .
[ | ] I ABMP16
L____‘///} \\\\\\\\‘~____; o | MENNPDF3.1
0

1708.05301 (LP)

_2 | PR SN SR U U SRR ST ST REPU SRR SRR SR SR

04 02 0 02 04 06 08 10 OF
X

|
|
1 [ 1
-1 -0.5 0 05 1
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Physical Pion Mass Results

SOEOAGAY3IH ¢g2 O2ff|

X Boost0
X Study of systematics still needed

6

4

pg' A6

T T

u

R

-04 -

OHOP—\N(JO»-BU'ICD

IR

> § ° & * 1 * & " I - & ° ]
1708.05301 (LP) Pz =0.8 GeV:
1.6 GeV]
2.4 GeV
4.8 GeV

0.2 0.4 0.6 0.8

02 NJ A

Iu—d

0.83, 1.11, 1.38 GeV 1

803.02685 (ETMC)

0.5 1

MICHIGAN STATE
UNIVERSITY
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Physical Pion Mass Results

SOEOAGAY3IH ¢g2 O2ftfl 02NI A
X Boostd0 p&' A6
X Study of systematics still needed

6'_“’_‘['_"_1'— 6_ T L ] . I L) [ ¥ T L ] L T ] _

: of 1708.05301 (LP) Pz =0.8 GeV] '
e ; 1.6 GeV u—d

- ( 4r 2.4 GeV \ 083, 111 138 Gev
2l -GU‘ |y \\

: L
Op—— 20

: S
! 1

~04 - N= \ -

N J‘ l l | 1 | 803.02685 (ETMC)

Reachingw 1 for antiquark remains challenging
especially without replying on an assumed parametrization
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Physical Pion Mass Results

SOEOAGAY3IH ¢g2 O2ftfl 02NI A

X B(—\f\f‘fl’r\ NG ! R

XSt 4_'!"']"'"'I"'I"'I"TI‘T'
i e 7 i [ ] |2
6——r— s — matched PDF 5
f : 1803.04393 (LF?) |
ar Z u—d
[ o[ Updated results at
[ S i physical pion mass] | 1l 1.38GeV 4
2__" = 1:_ with P,up to 3 Ge\_/_
0;_" : )
[ : 4 \
_2_._1_.._L O. I
-0.4 i ]
i | | 1 | L . 8 1 | 1 | 1 | 1 | 1
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Physical Pion Mass Results

§9EO)\u)\)/EIH
X Bc

X St

Updated results at

physical pion mass "
with P,up to 3 GeV

u—d

[, 1.38 GeV

5 (ETMC)

MICHIGAN STATE
UNIVERSITY
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Physical Pion Mass Results

§9EOAuAY3H ¢cg2 O2ftflF 02N OA
x Bc 7
x St 4:.1,_1,_

T '11 T
\\\ LP3 ]
~ JAM17 ;

DSSV08

6 3

1 R\ %

u—d

[, 1.38 GeV

’.l.l.l.l..l.l.l.l.l.l.l.l.l.: 5(ETMC)
-04 -02 O 0.2 04 06 08 1.0
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Parton Distributions and Lattice Calculations in the LHC era

(PDFLattICG 201 7) 22-24 March 2017, Oxford, UK
1 — T T T | MSTWOS - - -
\ —— CJ12midI T ABMLL
08 —-— CT10 1 I |
' ——— MSTWod / _ o _
N —oaskMes 8 Afirst joint workshop WI%
S | | globalfitting community to
04 address key LQCD inputs
.l X http://www.physics.ox.ac.uk
/confs/PDFlattice2017
0 ——b—" X Whlt_epaper stu_dy the nee_ded
X precision of lattice PDFs in

the large-coregion /

-

JimenezDelgado, Melnitchouk, G
J.Phys G40 (2013) 09310
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http://www.physics.ox.ac.uk/confs/PDFlattice2017

3 s ujl..- X
Parton Dlstrlbutlons and Lattice Calculations in the LHC era
(PDFLattICG 201 7) 22-24 March 2017, Oxford, UK

§ Implementing the pseudalata from LQCD witk=0.7¢0.9
o(wh ) QYo )andd(wh ) doh )

- 2= 2 = 2_ 2
8(T) @ Q°=4 GeV*, NNPDF3.1 3(d) @ Q=4 GeV?, NNPDF3.1

~ T - \‘. T "\ ‘ ._I: T T T ‘ \‘ T T \:: ‘ -"1 T T T ‘ T T T T | T T T \7 7| T T T ‘ T T T T | T T T T ‘ T T T T ‘ T T T T | T T T \7
Mhew R . e .
= - e N -
= RO ] 2O =
[a) e S Z * O LX 1
f \ T % 0 a e s 0
0.9+ — 0.9t % 5 3 —
[ 0 =z T} . = 4 = X K *3 %, ]
ol = F ] S W E
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S osf BN = S 08— =
g F Pa S g ~, &
> L o_’gm\ v _| > L e S
E: 6% | i A e :
—_— - - 1 » ~ . . L H
" Y [| = o LQCD moms et et 7] 8 [| = no LQCD moms bk WL et 7

— . —_ * e * *
8 os OS— 8 o0sf RN I -~
0 8 . won W LattQCD x-sp, Scen D RITITTLY c v wLattQCD x-sp, ScenD |  Teawsr imrmie .“Z
. =1 _ S i .
F 3 A) wof LattQCD x-sp, Scen E ] wo o H LattQCD Scen E 3
] O os{ """ w Latt X-sp, Scen i O os5{ """ w LattQ X-sp, Scen 7
\ / a H - a -
Homomin w LattQCD x-sp, Scen F ] IETEIT w LattQCD x-sp, Scen F i
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X X

Lin et al, Progressn Particle and Nuclear Physicd 00, 106 (2018)
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Parton Dlstrlbutlons and Lattice Calculations in the LHC era
(PDFLattICG 201 7) 22-24 March 2017, Oxford, UK

§ Implementing the pseudalata from LQCD witk=0.7¢0.9
20(wh ) Qo )andzo(wd ) b )

—_ 2_ 2 _
5(AT) @ Q’=4 GeV2, NNPDFpol1 1 5(Ad) @ Q?=4 GeV?, NNPDFpol1.1
1-1__ T ‘ T T T T ‘ T T '_\‘" T | T T T T ‘ T T T T ‘ T T T |__ 1-1__ T T T ‘ T T T .‘..L..| T T ;. ‘ ‘.\‘ T T T ‘ T T T T | T T T \__
I_%— T 3 ] §- = T ]
o . o F IS ]
f \ L o9 ] & gol Do e, =
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D: 12%] : - % EE S ]
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o 08 DS ] o 08 % :_,,Hum.mr
® F 7 T C 3
E: 6% | :v: 1 i e
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o Hoavmens w LattQCD x-sp, Scen F ] o Homvavas w LattQCD x-sp, Scen F ]
P . ESSR S ! ! = PR  ENE ! | .
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Lin et al, Progressn Particle and Nuclear Physicd 00, 106 (2018)
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- ANEW HOPE.

't I1s & perioc, ©ofFf waar EAMNMCc) 2 COoOMmMOrmMmic s LAENYC *Tr TSI
FTersPrrmroil hhas eongulfed thhe gsalactic republics.

Basic truths at foundation of the Nman civilization
are disputed by thhe dark forces of thhe evil\ empililvre.

A small sroup of QCD HKnights from United Federation
of Physicists has gathered in a remote location on the
third planet of a star called Sol on thhe inner edge of

the 'Orion—Cygnus arm of thhe gsgalaxy.

The QCD Knights are the only ones who can tame the
power of the Strong Force, responsible for nol\ding
atomic nuclei together, for giving mass and shape Yo

matter in the Universe.

. They carry secret plans to build the most powerxriul
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Summary & Outlook

Exciting time for studying structure on the lattic

8§ Overcoming longstanding obstacle to fxHilistribution

X Most i1 mportantly, this can be done

X Progress made in meson distribution amplitudes (1702.0008,1712.10025)
and first lattice pion PDF (1804.01483)

8§ Moving on to remove thaystematic®of earlier study
X Progress onrenormalization

further work on larger momentum boost with

finer lattice spacing, higher statistics, etc.
X Long-term future for lattice hadronic physics

§ LQCD impacts for current PDFs In the next few years

X Large-xisovector PDFs
X Comblned anaIyS|s W|th precision moments to access smadlreglons
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Pseudo -PDF

8 A variation of LaMETa. Radyushki, 1705.01488

x V(cha th) Qo Tg “Qt"doha i h)

8§ VersusgquastPDF Ji, zhang, Zhao 1706.07416

x neMmAR) . Qdc Qb "donhx i)

§ Similarity and issue&kfuhy )Tdmhy ) 0 Ohd
8 One of the numerical attractions

X Similar matrix elements; same problems we have
X Extensmn to other structures is not clear yet

NPT
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Physical Pion Mass

8§ Not a lattice problem but Fourier transform issue
§ Simple exercise with CT14 Pi¥bs.07443
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Physical Pion Mass

8§ Not a lattice problem but Fourier transform issue
§ Simple exercise with CT14 Pi¥bs.07443
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Physical Pion Mass

8§ Not a lattice problem but Fourier transform issue
§ Two possible solutions proposed (likely more)
Filter approach Derivative approach
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Physical Pion Mass

8§ Not a lattice problem but Fourier transform issue
§ Two possible solutions proposed (likely more)

Filter approach Derivative approach
(g (G . . 0Q |
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New Physicsin  TeV Scale
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Beta Decays & BSM

§ Given precisioysand Ogg), predict newphysics scales
Low-Ene

gy . _
Precision LOCD In
EXpt 'E’OBSM— fo(¥sTgsT) (m-© 140 Mgv,ao O)F

8 TeV, 2q3fb ATLAS -5 8 -
13 TeV, 4 tb " LHC (Future)| h h

oot 14 TeV, 300 fb~' LHC (Final)- . .
| Upcoming precision
low-energy experiments
LANL/ ORNL UCN neutron
decaye x p ' t
|B,—blggy <1073
Nuclea Xp + Model gS,T-' |b|BSV| <1077

_ Nuclear Exp + Lattice gs 1] CENPA.GHe(bGT) at 10°3
_0.005- Future E}{p + Future gs T— _
. P —_ . PNDME, PRD85 054512 (2012),

0002 0001 0 0001 0002 0003 13065435, 1606.07049 Ag > 7 TeV
- Ar > 13 TeV
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Physical Pion Mass

§ The problem persists/worsens at physical pion mass
M,= 135 MeV,a=0.09 fm ,L=5.6 fm
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