Hai-Tao Shu
for the ANL/BNL collaboration

BNL —> CCNU

The 4th EIC-Asia Workshop

Jul 1-5, 2024, Shanghai, China




What is quark helicity PDF?

The probability of finding a parton (constituent quark) with
momentum fraction x in a longitudinally polarized fast-moving proton

[ quark spin J [ proton spin ]

direction of hadron motion
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Why Is it important?

Jaffe-Manohar/Ji spin sum rule:

! 1 1
Y 5 = gAY+ AG + (Lg + Lg) = Y (P.S|Tj(1)|P.S)
Proton Spin l Q [Jaffe and Manohar, NPB 337, 509 (1990)]

[Ji, PRL. 78, 610 (1997)]

@

Quark helicity

Gluon helicit
1 Best knf)wn Start to knovz Orbital Angular Momentum
5/6193 (Au+Aﬁ+Ad+Ad+As+A§) of quarks and gluons
~ 30% AG = / dzAg(z) Little known

~ 20%(with RHIC data)

Spin “puzzle Image courtesy of Jian-Wei Qiu

Quark model assumes spin of proton (1/2) equals spin of u+u+d,
but European Muon Collaboration (EMC) found quarks only contribute < 30%




How to access it?
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PDF

Drell-Yan DIS SIDIS

1 x

Measure structure functions (via longitudinal spin asymmetries) in processes

like polarized lepton/hadron scattering off a polarized target proton

10

‘.
Existing experimental efforts in last 3 decades:

p-p collision at RHIC; 61
Open-charm muon production at COMPASS;

4 Includes:

W Au+ Ad
Au — Ad

JAM 22: PRD106, L031502 (2022)

Neg./pos. pion/kaon production at HERMES... polarized W-lepton production at RHIC
SIDIS from COMPASS

Global analysis of the experimental data

0.8
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Why EIC?
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* High luminosity provides more precise statistical measurements

e High polarization capacities of electron and nucleon give more
access to the spin-dependent observables

* Unprecedented low-x reach for polarized DIS experiment
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Status of lattice determinations

LQCD provides ab initio determination from first-principle!

m, [MeV] a [fm] P, |GeV]
LP? Coll. 18 physical 0.09 3.0
Gao, et al., PRD2(’ 310 0.042 2.77
HadStruc Coll. 22 398 0.094 2.5
Holligan and Lin, 24’ 315 0 1.75

This work physical 0.076 1.53

Having both continuum limit and physical mass limit is still challenging!




Outline

* Theoretical aspects
e Lattice technigues and setup

* Results via pseudo-PDF approach
 Mellin moments
e Light cone PDF

* Results via quasi-PDF approach
* Light cone PDF

 Comparison with global fit results and discussions

All results are preliminary!




Matrix element corresponding to quark helicity

RN R

(PS| o ® |PS) (PS]| o & |PS)

L
| | | R
| | |

to to + tins  to + tsep

0 < tins K tsep 1 Parton spinin z direction]

hi (2, P, a) = {PS|Yp(2)7.7W (2,0)1(0)|PS)

f=u—d,u+d
P, = (F,0,0,P,) Hadron momentum in z direction

Both isovector and isoscalar sector
lgnore disconnected diagrams




Joint fit for the bare matrix element
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Good control of excited-state contamination
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Joint fit v.s. summation method

tsep —MNexc

S(tsepa Pza 2 nexc) — Z R(tinsa tsepa Pz; Z) — BO + tsephB(Zv Pz)

tins=to+MNexc

P. = 0.00 GeV
® P.=025GeV 0-0-"W(®
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014 W

%‘i % P, =0.00 GeV
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Im[h%_d(z, P.)]
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Filled points: joint fit using tsep/a=[6,8,10]
Open points: summation method using tsep/a=[6,8,10]
Open points with dot inside: summation method using tsep/a=[8,10,12]

Consistent among different extraction strategies
Clear momentum dependence




Fit Mellin moments from reduced |TD

Operator product expansion (OPE) approximation inspired model:

hB(Z,PZ) h (0 PO)
hp(z, PY) hp(0, P,)

Lattice data as input (points)
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Including first 6 Mellin moments describes the data well
Controlled precision for the first 2 moments
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10



Compare to global fit results
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Light cone PDF from reduced ITD using DNN
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Light cone PDF from reduced ITD using DNN

Stable results when fit with different data sets or regularization parameters
Good agreement with global analysis JAM 22 and NNPDF1.1 at moderate x

g 5 e = 0.61
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4 N
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DNN fitted reduced ITD
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DNN fits dominated by data at small momentum
Slight tension between small momentum and large momentum
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Quasi-PDF method: Hybrid scheme renorm.

4 hB (Z,PZ,CL) .
) 75z, P.=0,a) 2| < zg Ratio scheme renorm.

hR(ZaPz) = X he(z,P.,a) (dm+mo)(z—2s)
\ hB(ZS,PzZO,CL) €

2| 2 Zs  Self renorm.

Other renormalizations distort IR behavior of the bi-local operator at large z!

Multiplicative renormalization:

_ —oOm-z _—Mmo-2

hp(z, P,) = Zae A e hr(z, P,)
\/ log. divergence from Linear divergence from Renomalon from scheme-
quark-WL vertex WL self-energy dependence of delta*m

A’co MS scheme : h(z, P, = 0) — Cy

hg(z, P,,a) Lasm _ e“mo[ (,),PV (s (2k€77E /2)) ](e
) Co,pv (as(2re72 /(2 — a)))°

Co — Cp : LRR the logs for my

K(2rke "E [z 2ke B /(z—a))J

hg(z —a, P,,a

RGR: u=2 GeV = u=2ke 7 /2




Quasi-PDF method: determination of renormalon
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Plateau ~ z = 3a: controlled discretization effects and high twist effects
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Renormalized matrix elements in Hybrid scheme
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RGR introduces a small correction within 10 statistical error
Larger error size when with RGR, from scale variation
Visible momentum dependence




Large lambda extrapolation
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guasi-PDF In x-space
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Imaginary parts are zero within errors
Visible momentum dependence
RGR induces a small enhancement and the error grows
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Perturbative matching

+o0 d T ~ A2 A2
Aq(z, p) =/ et (57“7287Pz) Ag(y,p) + O ( L R 2>

o Y

Taylor expansion: ¢C—* (f,u,zs,Pz> = (g —1
Yy

5 5

M P, =102GeV, NLO + LRR
I P, =153 GeV, NLO + LRR
I P, =1.02GeV, NLO + LRR + RGR
P, =1.53 GeV, NLO + LRR + RGR

[Strong momentum dependence for u—d]

(@P:)?" (1 —z)P.)

) — asc(l) (g,,u,zs,Pz) + (9(042)

M P, =102GeV, NLO + LRR

I P, =153 GeV, NLO + LRR

I P, =1.02GeV, NLO + LRR + RGR
P, =1.53 GeV, NLO + LRR + RGR

[ RGR signals the high twist e

ffects]

mall enhancement rrom RGR ]
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Complete comparison

) g B via pseudo — PDF, NLO
M via pseudo — PDF, NLO 0 via quasi — PDF, NLO + LRR
M via quasi — PDF, NLO + LRR via quasi — PDF, NLO + LRR + RGR
4 via quasi — PDF, NLO + LRR + RGR 4 B3 JAM 22
" B JAM 22 [l NNPDF1.1
o, [l NNPDF1.1

Visible difference between pseudo-PDF approach and quasi-PDF approach
Better agreement with global fit results for pseudo-PDF approach than quasi-
PDF approach (need to investigate further)

S HaTeo Shu T Quarkhelicity 21



Soffer bound (1)

M |Ag“Y], via pseudo — PDF, NLO M |A¢“Y], via quasi — PDF, NLO + LRR
M ¢“¢ via pseudo — PDF, NLO M ¢“¢ via quasi — PDF, NNLO

[J. Soffer, PRL 74, 1292 (1995)]

Soffer bound | respected within error
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10 10
W 4+ Ag*?, via pseudo — PDF, NLO g9 Ag"~? via quasi — PDF, NLO/NLO + LRR
W 2|6¢% 9|, via pseudo — PDF, NLO W 2|6¢"%), via quasi — PDF, NLO + LRR

[J. Soffer, PRL 74, 1292 (1995)]

q(z) + Aq(z) = 2[0q(x)

Soffer bound Il not violated by 1-20



Conclusion

™ Computed quark helicity matrix elements for both the isoscalar & isovector sectors

M Computed the Mellin moments (controlled precision for the first two)

M Computed the light cone PDF using both pseudo-PDF and quasi-PDF approach

M Adopted advanced reconstruction technique in the pseudo-PDF approach and
state-of-the-art renormalization in the quasi-PDF approach

™M Studied various systematics

M Examined the Soffer bound

O Push to larger momentum to suppress the high-twist effects
[ Add more statistics to control the statistical uncertainties
O Add more lattice spacings for the continuum limit
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Backup: Lattice setup

Ensembles | mgx |Negg|nz|kz| tsep/a |(Fex,#sl)

a,L: x L2 |(GeV)

a=0.076 fm| 0.14 [350 [0 | O 6 (1, 16)

64 x 64° 00| 8,10 (1, 32)
00 12 (2, 64)
1/016,8,10,12| (1, 32)
42 6 (1, 32)
4121 8,10,12 | (4, 128)
6|3 6 (1, 20)
6|3 8 (4, 100)
63| 10,12 | (5, 140)

Clover-wilson valence on HISQ sea

Momentum smearing to improve SNR
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Backup: Sanity check of the joint fit

3.5 T 2.4 T T T
M P? =0.00 GeV
N @ P° = 0.25 GeV 29 L
3.0 Y P% = 1.02 GeV
¢ P:=153GeV 2 L
oy l 18t
>
O 1.6 |
= 1.4 |
1.2 |
1 E=/M?+ P? _
E=+/M?+ (1.08P,)2 ------
08 ] ] ] ]
0.0 0.2 0.4 0.6 0.8 1.0 0 0.5 1 1.5 2
t [fm] P [GeV]

Filled points: effective mass from 2pt
Open points: effective mass from jointly-fit 2pt
Bands: ground-state mass from joint fit of R and 2pt

Good control of lattice discretization effects




Backup
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JAM 22: PRD106, L031502 (2022)

Non-zero contribution to spin
from antiquarks



Renormalized axial-vector charge
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ackup: covariance matrix

_ Cji
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Backup: covariance matrix (1)
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Backup: covariance matrix (ll1)

0.0 1

\

: I
[BEAS 120 f Y}Y ¥ fif ! #% I + |

{
1!
{
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Backup: covariance matrix (1V)

0.25 0.5

*uncorr. corr. a =1 x 107* *corr. a=1x10"" iuncorr. corr. a =1 x 1074 icorr. a=1x10""
*corr. a=1x10" *corr. a=1x10""° *corr. a=1x10"% icorr. a=1x10" *corr. a=1x10"° icorr. a=1x10"%
¥ corr. v =1 x 1072 *corr. a=1x107% % corr. & =0 x 10° ¥ corr. v =1 x 1072 *corr. a=1x107% % corr. & =0 x 10°
0.201 ¥ corr. a =1 x 1073 0.4 1 ¥ corr. o =1 x 1073
0.15 1 0.3
]
! ! i : E HEEEEEN
& - [ ; F ] ] [
S 8
~ 0.101 ?E'iliiiiﬁ ~0.2- ii======
] [ | H
: o8 1111 : .
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Zmax |fm] Zmax |fm]
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Backup: covariance matrix (V)

0.40 0.40
¥ 2o =1a ¢ 2w =4c M(zY) M%) (2P ¥ 2o =1a  § 2w =4a B {(zY) W (3 W (2P)
0.35 1 } Zmin = 2a } Zmin = oa [ | <$2> [ <l’4> [ <CC6> 0.35 1 i Zmin = 2a } Zmin = oa [ | <SE2> [ | <ZC4> [ | <LE6>
f Zmin = 3a * Zmin = 6a i imin = 3a * Zmin = 6a
0.30 1 0.30 1
$ $
0.25 - f{#{'}#l'f##}'}## 0.25 1 {iilliﬁx}ﬁfﬂﬁfﬁ
;\ 0.20 1 ;\ 0.20 - :
) < RN
0.15 A 0.15 A ] Y
®
0.10 1 0.10 1 'y 4 ‘{“J};‘n Y ¥ ¥, Y, Y
0.05 1 0.05 1
0.00 A 0.00 A
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Zmax [fm] Zmax [fm]




Backup: dependence on DNN parameters
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Backup: decaying model
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Backup: RI-MOM

Fuchdean state with momentum squared —p* > Agcp 10 a ixed gauge, and
then defines MS operators as,

O(z,a)
Z(Za _p2, a’) ’

Onis(2, 1) = Zys(2,—p", 1) (13)

where Zzg converts the RI/MOM renormalized result to the MS scheme.
The gauge and —p? dependences cancel between two Z-factors. The r.h.s.
has a proper continuum limit ¢ — 0 without divergences.

However, while the RI/MOM approach is justified for local operators, it
has potential problems when applied to nonlocal ones. For instance, when
z becomes large, Zy(2, —p?, p#?) contains IR logarithms of z and the per-
turbative calculation of z-dependence is not reliable. Moreover, although
the RI/MOM factor Z(z, —p?, a) helps to cancel the lattice UV divergences,
the composite operator at large-z contains non-perturbative physics as well.
Therefore, both Z-factors contain non-cancelling non-perturbative effects

which alter the IR properties of O(z). Thus, the RI/MOM renormalization
scheme is not reliable at large-z. Moreover, when gluon distributions are
involved, it requires external off-shell gluon states which bring in potential
mixing with gauge-variant operators and make things much more compli-

cated [67].
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