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This talk is based on

“Flavor Structure of the Nucleon Sea from Lattice QCD”,
PRD 91, 054510 [1402.1462]

and

"Nucleon Helicity and Transversity Parton Distributions from
Lattice QCD", 1603.06664 [hep-ph]

in collaboration with

Jiunn-Wei Chen  Saul Cohen XiangdongJi  Jian-Hui Zhang
(NTU) (UMD/SJTU/INPAC)(Regensburg)

Beﬂidey Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Parton Distribution Functions

§ PDFs are universal quark/gluon distributions inside nucleon

§ Quark distribution g(x) '
& Processes: DIS (F,, 0), Drell-Yan, _@:’ + %’

W-asymmetry, Z-rapidity, (y+) jet, ...
&= Experiments: BCDMS, NMC, SLAC, JLab,
HERA, E866, CDE, D@,...

§ Helicity distribution Ag(x) _@p_’ 3 :e |
&» Processes: polarized DIS, semi-inclusive DIS,

photo- and electroproduction of hadrons and spin-dep./long. polarized
§ Transversity distribution §q(x)

charm, pp collisions
& Process: single-spin asymmetry in SIDIS, ... ‘ i |

& Experiments: EMC, HERMES, Hall A, CLAS,
& Experiments: HERMES, COMPASS, Belle...  transversely polarized

spin-averaged/unpolarized

COMPASS, STAR, PHENIX, ...

Beﬂ{eley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Parton Distribution Functions

§ PDFs are universal quark/gluon distributions inside nucleon

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

HIGGS PRODUCTION

o (8 TeV) uncertainty
Noaw | 9g=H [195p0 | 14.7% | IS
VBF [156pb| 2.9% | N
NNLOQCD | Wiy |0.70p0| 3.9% | W Pores
ZH 10.39pb| 5.1% | N
NLO QCD ttH 0.18pb | 14.4% | NG

(J. Campbell, HCP2012)

Beﬂieley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Global Analysis

§ Experiments cover diverse kinematics of parton variables
& Global analysis takes advantage of all data sets

Theory . ‘ Exp’t

Input Input
Global Analysis
@ of PDFs ﬁ
| |
.
r PDFs ﬁ
Applications Predictions

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Global Analysis

Theory . ‘ Exp’t

Input _ Input
§ Some choices made | Global Analysis

for the analysis of PDFs

& Choice of data sets and kinematic cuts
&= Strong coupling constant a (M)
& How to parametrize the distribution

f(x, 1) = agx® (1 — x)“2P(x)

1+ aszx + a,x?

e3¥ (1 + e%x)9s

P(x) = {

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Global Analysis

Theory . ‘ Exp’t

Input _ Input
§ Some choices made | Global Analysis

for the analysis of PDFs

& Choice of data sets and kinematic cuts
&= Strong coupling constant a (M)
& How to parametrize the distribution

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

For example,s = 5 = K(’L_t + cf)
or symmetric sea in helicity

Beﬂidey Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Global Analysis

Theory . ‘ Exp’t

Input _ Input
§ Some choices made | Global Analysis

for the analysis of PDFs

& Choice of data sets and kinematic cuts
&= Strong coupling constant a (M)
& How to parametrize the distribution

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

Discrepancies appear when data is scarce

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Global Analysis

§ Many groups have tackled the analysis
& CTEQ, MSTW, ABM, JR, NNPDEF etc. .-,

JROO ——

1 ey 107 F N MSTWOS - - -

\ —— CI12mid i ~,  ABMII -
—-— CT10 i I .

08 ——— MSTWO08 !

-—--— ABKMO09

d/ u

0 0.2 0.4 0.6 0.8 1

Jimenez-Delgado, Melnitchouk, Owens,
J.Phys. G40 (2013) 09310

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM
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How Can LICD Help?

§ Lattice QCD is an ideal theoretical tool for investigating
strong-coupling regime of quantum field theories
§ We are beginning to do precision calculations in nucleons

Beﬂidey Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



How Can LICD Help?

§ Lattice QCD is an ideal theoretical tool for investigating
strong-coupling regime of quantum field theories
§ We are beginning to do precision calculations in nucleons

phys
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Tensor/Scalar Charges

FLAG rating system

PNDME, 1506.06411; in preparation

o : ° 50
New: excited-state rating IR
_.:k'E\' ) C‘;{E\' . A e =
,b“:\ﬂﬂ ’ \ _\ ﬂ"b? o o s \# &i_ww‘a’ rz;\"t'{l"'ap
o e o we e o
Collaboration Ref. '{J‘QL Ny R o G (%\ & gr
PNDME'15 This work P 24+1+1 * * * w * 1.020(76)*
ETMC’13 30] C 2+1+1 N - - " * 1.11(3)"
LHPC12 28] A 211 * - * : * 1.037(20)°
RBC/UKQCD’10 20] A 2+1 C 3 * * * 1.10(7) ¢
RQCD'14 31] P 2 * * * - * 1.005(17)(29))"
ETMC’13 [30] C 2 * ul . n 1.114(46) *
RBC’08 32] P 2 _ 3 * n * 0.93(6) *
—
8T 8s
. 0.50 0.75 1.00 1.25 0 05 10 15 20 25 30
— L ol L L L L B B
g ——  PNDME (AMA) ’15 y: . :
1 . PNDME ‘15 { PNDME (AMA) '15
g - LHPC 12 : :
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i —=—  ETMC '15 =
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3 e DSE 14
g Kang '14 _
2 Ansehmmo 1%3 § e Gonzalez—-Alonso '14
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Beta Decavys & BSM

§ Given precision g, rand Ogg),, predict new-physics scales

Low-Energy . :
—_— _ Precision LQCD input
Expt Ogsm = fol€5,7957) — (m 5140 Mev, a—0)

8 T'th 20.3 fb " ATLAS o A_2
- 13 TeV, 4 1Ib HC (Future) &
0010- 14 TeV, 300 fb } LHC (Final)- S,T S, T

Upcoming precision
low-energy experiments
LANL/ ORNL UCN neutron
decay exp't
|B;=b|gsm < 1072

Nuclear Exp + Model gs 7 |b|ggy < 1073

j Nuclear Exp + Lattice gs 1] )
_000s| Future Exp + Future gs 7. CENPA: °He(bgp) at 1073

~0.002 -0.001 O 0.001 0002 0.003 PNDME, PRD85 054512 (2012):
ET 1306.5435; in preparation

Beﬂidey Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



PDFs on the Lattice

Long existing obstacles!

il Sl N i~ B N

| Symmetry:
You Break it,
| You Buy It.

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



PDFs on the Lattice

Long existing obstacles!

§ Lattice calculations rely on operator product expansion,

1
only provide moments (x") (xn1), = f dx x™1q(x)
-1
§ For higher moments, all ops mix with lower-dimension ops

& No practical proposal to overcome this Y ¢ 9

Xiangdong Ji, Phys. Rev. Lett. 111,
039103 (2013)

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



PDFs on the Lattice

Long existing obstacles!

§ Lattice calculations rely on operator product exlpansion,
only provide moments (x") (xn1), = f dx x"1q(x)
-1

§ For higher moments, all ops mix with lower-dimension ops
& No practical proposal to overcome this Y ¢ 9

New Strategy (LaMET):
§ Calculate finite-momentum boosted

quark distribution

&= In P,— oo limit, parton distribution is recovered
& For finite P, corrections are needed

§ Feasible with today’s resources!

Xiangdong Ji, Phys. Rev. Lett. 111,
039103 (2013)

Beﬂidey Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Parton Distribution Functions

Large-Momentum Effective Theory for PDFs

dz

4_ o-izk: ( ‘¢(z) Fexp( zgf dz' A,(2)) n,b(O)‘P)
T

é I' e {VZ; VzVs, VZVJ_VS}

QZ

o——o
-
>

p(P) g o PP

q(x, ) = GCe, 1, P) + 0(as) + OME/PF) + O(Agep/FF)
X. Xiong et al., 1310.7471; J.-W. Chen et al, 1603.06664

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Some Lattice Details

§ Exploratory study é
@ Ne= 2+1+1 clover/HISQ lattices (MILC) '!
M_~ 310 MeV,a = 0.12 fm (L ~ 2.88 fm) O— -
&= Isovector only (“disconnected” suppressed) i
gives us flavor asymmetry between up and down quark
@ 2 source-sink separations (t,,,~0.96 and 1.2 fm) use

§ Properties known on these lattices AT T -i
& Lattice Z; for bilinear operator ~ 1 (76T AL AT T i

(with HYP-smearing) LRAE
> MnL = 4.6 large enough to avoid finite-volume effects

§ Feasible with today’s computational resources!

& 256/512 cores on UW Hyak cluster (NSF grant PHY-09227700)
HWL, Jiunn-Wei Chen, Saul D. Cohen, Xiangdong Ji, 1402.1462 [hep-ph]

Beﬂ{eley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Warning!

§ Exploratory study é
& N= 2+1+1 clover/HISQ lattices (MILC) b > @

M_~310MeV,a=0.12fm (M_L = 4.5) ét > :_g
< >

NO SYSTEMATICS YET!
§ Demonstration that the method works!
& Intend to motivate future LQCD work on many quantities

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



§ Exploratory study

3.0f
2.5

~ 2.0
=

& 15
=

3 10

0.5/
{]:

& Lattice momenta discretized

Quark Distribution

<P",_0(z) Yz eXP(—ig_L dz' Az(z’)) w(O)‘P>

& How many links are needed?

=

|
-20

; . '
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Quark Distribution

§ Exploratory study
f@ e 7k (P‘J(z) Yz eXP(—igf dz' Az(z’)) w(O)‘P>
4 0
Pe{l,2,3}%/,

1.5F 2 Uncorrected bare
: 1 lattice results
"c:lc‘ 10 : X:kZ/PZ
> 0.50 -
O_ | I | |
-1 0 1 2 3
X

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Quark Distribution

§ Exploratory study
f@ e 7k (P‘J(z) Yz eXP(—igf dz' Az(z’)) w(O)‘P>
4 0
Pe{l,2,3}%/,

1.5k 1 Distribution gets

| | sharper as P, increases
3. 1.0] | Artifacts due to finite P,
R - on the lattice
S 0.5} ]

» ! Improvement?

: - Work out leading-P,

Op e . . .7 corrections
-1 0 1 2 3
x

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM




Quark Distribution

§ Finite-P, corrections Xiangdong Ji, Phys. Rev. Lett. 111, 039103 (2013)

qCx, 1) = Glx, u B) + O(M3/P?) + O(as) + 0(Aoycp/P?)

\

[ What we want}

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Quark Distribution

§ Finite-P, corrections Xiangdong Ji, Phys. Rev. Lett. 111, 039103 (2013)

q(x, 1) = Gx, . B,) + O(M3/P?) + O(as) + 0(Aoycp/P?)

/l

4 Quasi-distribution
What we calculate
on the lattice

\_ F,e{l2, 3}2ﬂ/L )

~

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Quark Distribution

§ Finite-P, corrections Xiangdong Ji, Phys. Rev. Lett. 111, 039103 (2013)

qCx, 1) = Glx, 1w, B) + O(M /P?) + 0(as) + O(Agyep/P7)

~

Dominant correction (for nucleon);
known scaling form
HWL et al. 1402.1462
\_ J.-.W. Chen et al, 1603.06664 )

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Quark Distribution

§ Finite-P, corrections Xiangdong Ji, Phys. Rev. Lett. 111, 039103 (2013)

q(x, 1) = G(x, u B) + O(M3/P?) + 0(as) + O(Aoycp/P?)

/ Finite P, & o0 perturbative matching \
qComP) = [ 227 (3 pi) a1
Z(x,u/P) =C6(x —1) —&7W (x, u/P,)

Non-singlet case only

X. Xiong, X. Ji, J. Zhang, Y. Zhao,
1310.7471;

\ Ma and Qiu, 1404.6860 /

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Quark Distribution

§ Finite-P, corrections Xiangdong Ji, Phys. Rev. Lett. 111, 039103 (2013)

q(x, 1) = G(x, u B) + O(ME/P?) + 0(as) + O(ANycp/P?)

/
Smaller P, correction

complicated higher-twist operator
J.-W. Chen et al, 1603.06664

(extrapolate it away)

- /

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Quark Distribution

§ Exploratory study
& Take ratios (partially cancel statistical and systematic errors)

Q(x) MJ PZ) M_S
x, 1, P,) = X 2 GeV
Anorm (X, 1, P;) fdxq(x, 1w P) gy ( )
1.5 T4, ' | Removing
] | O(M}/PP) errors + O(a)
ap 1.0
= | No significant
> 0.5 finite-momentum
> o effect seen for P,>1

Beﬂieley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Quark Distribution

§ Exploratory study

& Take ratios (partially cancel statistical and systematic errors)

q(x, u, Py)

Qnorm(x ﬂ»P) —

_{].—]: PR [ R YA T IS SR S R —

f dx q(x u,P)
| ] Removing
1 O(M7/P!) errors + O(a,)

x gMS(2 GeV)

No significant
finite-momentum
effect seen for P,>1

Further removing

-1.0 —["}.5 0 0.5 1.0 1 3 O(/\ CD/Pzz) errors

Beﬂ{eley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Sea Flavor Asymmetry

§ First time in LQCD history to study antiquark dlstrlbutlon'

& M, ~ 310 MeV
HWL et al. 1402 1462
1.2 i —
g \ MS I \\
1.0F | | CJ12 .
08§» CT14 ‘
“E (T XQSM _
= 0.6 | U E866 Nusea il
l ! o
e i Lattice
0.4}
0.2¥i b :
0 01 02 03 04

q(x) = —q(—x)

Lost resolution in

small-x region

Future improvement:
larger lattice volume

j dx ((x) —d(x)) = —0.16(7)

Experiment X range Ik [@?(1 —u(x (x)]dx
E866 0.015<x<0.35 0.118+0.012
NMC 0.004<x<0.80 0.148+0.039
HERMES 0.020<x<0.30 0.16£0.03

R. Towell et al. (E866/NuSea), Phys.Rev. D64, 052002 (2001)

Berkeley
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Sea Flavor Asymmetry

§ Lattice exploratory study

& M ~ 310 MeV Compared with E866
HWL et al 1402.1462 Too good to be true?
12— —— _ _

! MSTW j \
1.0 \ CJ12 ] /One year later,
gul CT14 1| this calculation is
o8 *%\ XQSM || repeated by ETMC,
3 0.6 E866 NuSea || at M, = 373 MeV
b ! : 4 i _ i
N L%T%?fn J1 4| Found similar results. b(7)
HE - . I\ ETMC, 1504.07455 4
X xa»\ﬁ\ ES66 0.015<x<0.35 0.118+0.012
N S T R~ NMC 0.004<x<0.80 0.148+0.039
S R e .- =~ HERMES 0.020<x<0.30 0.16+0.03
0 0.1 0.2 0.3 0.4

R. Towell et al. (E866/NuSea), Phys.Rev. D64, 052002 (2001)

Berkeley
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Helicity Distribution

§ Exploratory

study @~ M, =~ 310 MeV

0.8 .
- YQSM .
0.6 =~~~ NNPDF > |
e DSSV
T g JAM
T %% Lattice
3 _ [
< Removing
<
O(M7/Pr) errors + O(a,)
: 1603.06664 > 5
_0-2_ T PN R NN TN NN N NN ST S RNRN N + O(/\QCD/PZ )
04 -02 0 02 04 06 08 10

X

& We see polarized sea asymmetry [ dx (Aﬂ(x) — Acf(x)) ~ 0.14(9)
& Both STAR and PHENIX at RHIC see Ati > Ad

1404.6880 and 1504.07451

& Other experiments, Fermilab DY exp’ts (E1027/E1039), future EIC

Berkeley
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Transversity Distribution

§ Exploratory study & M., ~ 310 MeV

o LOSM  |1603.06664_  ysacD -
" RCBG15 - —
) oal Lattice
0.4
S0 1 Removing
i 2 Y O(M7/P) errors + O(a,)
e . Iy + O(Ngcp/P?)

04 02 0 02 04 06 08 10
5q(x) = —6q(—x) 1505.05589; 1503.03495

& We found sea asymmetry of j dx (87(x) — 8d(x)) ~ —0.10(8)
& Chiral quark-soliton model fdx (6%(x) — 6d(x)) ~ —0.082

P. Schweitzer et al., PRD 64, 034013 (2001)
& SoLID at JLab, Drell-Yan exp’'t at FNAL (E1027+E1039), EIC, ...

Berkeley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM




- ANEW EOPE-

't /s & perioc, ©OofFf waar EAMNMC) S COMOIrTIi« sLAMCEETYTLS T LYy .

Tesbrrroil Fhrhas oeonguilfed thhe gsalactic republics.

Basic trutl*ns. at foundation of the naman 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 thhe
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

Beﬂ(eley Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM
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Summary and Outlook

Exciting time for studying structure on the lattice

§ Overcoming longstanding obstacle to full x-distribution
& Most importantly, this can be done with today’s computer

§ First lattice approach to study sea asymmetry

& Promising results on unpolarized and polarized sea asymmetry
& Prediction of transversity sea asymmetry

§ Caveats
& Need to improve large-momentum signal:
large-q form factors, heavy-flavor physics, ...
& Not a precision calculation yet; needs better
statistics, proper renormalization, ...

§ Opens doors to much future lattice-QCD work
& GPDs, gluons, TMDs...

Beﬂidey Huey-Wen Lin — Symposium on EFT & LGT @ IAS TUM



Backup Slides
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Systematic Control

§ Much effort has been devoted to controlling systematics
§ A state-of-the art calculation (PNDME) a = 0.12 fm, 310-MeV pion

14— | T ! !

& Move the 1.35_ otwo- two  otwo- simRR _
excited-state systematic | 8w ¢ 1 "-‘% E
into the statistical error e |?F. =Vars o

C3PY(tp, t,t;) = |A0|%(0]0p|0)eMoltr=ti) | | | I | I
+cA A0 ~Mo(t—t) p—M1(tf—t) 1.02— » @ 4 , ‘* E
+ALAL(1]0r] t—t;) o~ Mo(tr—t) ] gS + - i

HAP(110r 1) S e e

& No obvious contamination % ~ 096im 1.20fm  1.44fm -
between 0.96 and 1.44 fm 1 gr vt
separation Lo O =gy, :

0.9b——tm b

Berkeley Huey-Wen Lin — April APS Meeting, Salt Lake City



Systematic Control

§ Much effort has been devoted to controlling systematics
§ A state-of-the art calculation (PNDME) a = 0.09 fm, 310-MeV pion

LA e |
& Move the 1.33_ o two- two o two- simRR E
excited-state systematic e 8A T 4 =
into the statistical error |
1.1:::}::11=.~r.~:}::::}::11=.~.l.~:}:::
C3PY(tp, t,t;) = |A0|%(0]0p|0)eMoltr=ti) : :
+Ao AT (0 R + 4 -
+AyAL (110 e ol :
1A %10 1)e % | R ] —— ;
& Much stronger effect at tzr - 0.90tm 1.08fm 1.26fm -
finer lattice spacing! 1ir . _ " E
. - 8T ° .
& Needs to be studied 10} J
T I T TR T N T T T T NN N NN N TN SN R SN NN T S TN S R N
case by case 097 10 11 12 13 14

Berkeley Huey-Wen Lin — April APS Meeting, Salt Lake City



Systematic Control

§ Much effort has been devoted to controlling systematics

§ A state-of-the art calculation (PNDME)
&» Statistical effect a = 0.06 fm, 220-MeV pion

9gdr

1.25 T I T T I I T I 125 T
\  Extrap tgp=22 ——
1.20 P\ tgep=16 =t 15=24 —8— 7 1.20
. tsep=20 s '
A5 + 1 1.15
3 a06m220 i
110 _\\ \ ‘.i 1.10 \\"\\‘
1.05 pEE T L g g d %1 105
BREERIATIN N ILLE
1.00 Ili‘ St R LR 1.00
0.95 0.95

2.6K

Berkeley

41.6k
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Systematic Control

§ Much effort has been devoted to controlling systematics

§ A state-of-the art calculation (PNDME)
& Statistical effect

2.6k

1.8 — — 1.8 E—
Extrap —— tsep—22 ——t Extrap —_—
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Systematic Control

§ Much effort has been devoted to controlling systematics

§ A state-of-the art calculation (PNDME)
& Statistical effect (worst case) a = 0.06 fm, 220-MeV pion
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Systematic Control

§ Much effort has been devoted to controlling systematics
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/ Lessons Learned

& g, is not a gold-plated quantity

Early impressions that g4 would be easy underestimated systematics

& No review of g, in this talk
Stay tuned for a better controlled g4 in the future

&> You can still trust lattice g4

...from groups who do due diligence for every ensemble
and carefully study systematics

& Getting g4 to subpercent precision will be very hard
Sitting back and letting the computer do the work won'’t get us there

& Perhaps g7 is the real gold-plated quantity
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Quark Distribution

§ A first exploratory study HWL et al. 1402.1462

@ Ne= 2+1+1 clover/HISQ lattices (MILC)
M_~ 310 MeV,a = 0.12 fm (M_L = 4.5), 0(103) measurements
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