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Global PDF Analysis with Lattice Input
CT18As CT18CS
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CT18 in a nutshell

Start from CT14-HERALILI: CTIS a2 Gev
(PRDY95,034003(2017), T.-J. Hou et al) v -
HERAII combined data released after gw
publication of CT14
(PRD93,033006(2016), S. Dulat et al).
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Examine a wide range of non-perturbative PDF parameterizations.

Use as much relevant LHC Run II data as possible; using
applgrid/fastNLO interfaces to data sets, with NNLO/NLO K-factors,
or fastNNLO tables in the case of top pair (single and double
differential) data.

Implement a parallelization of the global PDF fitting to allow for
faster turn-around time.

Use diverse statistical techniques (PDFSense, ePump, Gaussian
variables, Lagrange Multiplier scans) to examine agreement between

experiments.
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Data sets included in CT18 - old data

[ID# [Experimental data set [Npt, | X% [X%/Npt.e| _ Se__|
160 [HERAI+II 1 fb ', HI and ZEUS NC and CC e* p reduced cross sec. comb. [20][ 1120 | 1408(1378) | 1.3( 1.2) [ 5.7( 5.1)
101 |BCDMS FY 62]| 337 | 374 (384 | Li(1.1) | 1.4(1.8)
102 |BCDMS Fy 63]| 250 | 280 (287) | L.1( 1.1) | 1.3( 1.6)
104 |NMC FJ/FY 64]| 123 | 126 (116) | 1.0( 0.9) | 0.2( -0.4)
1087 |CDHSW F? 65]] 85 | 85.6 (86.8) | 1.0( 1.0) | 0.1( 0.2)
1097 |CDHSW apF? 65]| 96 | 86.5 ( 85.6) | 0.9( 0.9) |-0.7( -0.7)
110 |CCFR F? 66]| 69 | 78.8( 76.0) | 1.1( 1.1) | 0.9 0.6)
111 CCFR zpF} 67] 86 33.8( 31.4) 0.4(0.4) |-5.2(-5.6)
124 |NuTeV vyup SIDIS 68| 38 | 18.5( 30.3) | 0.5( 0.8) |-2.7( -0.9)
125 |NuTeV i SIDIS 68]| 33 | 38.5(56.7) | 1.2( 1.7) g
126 |CCFR vy SIDIS 6o]| 40 29.9( 35.0) | 0.7( 0.9)

127 |CCFR pupu SIDIS 69]| 38 | 19.8(18.7) | 0.5(0.5)

145 |HI o7 70]| 10 6.8(7.0) | 0.7(0.7) |-0.6(-0.6)
147  [Combined HERA charm production 71 47 58.3( 56.4) 1.2(1.2) | 1.1( 1.0)
169 HI1 F 32 9 17.0( 15.4) 1.9(1.7) | 1.7( 1.4)
201 |E605 Drell-Yan process 72]| 119 | 103.4( 102.4) | 0.9( 0.9) |-1.0( -1.1)
203 | E866 Drell-Yan process opa/(20p) 73] 15 | 16.1( 17.9) | L.I( 1.2) | 0.3( 0.6)
204 | E866 Drell-Yan process Qd’0,,/(dQdz ) 74]| 184 | 244 (240) | 1.3(1.3) | 2.9(2.7)
225 |CDF Run-1 lepton A, pre > 25 GeV 75 11 9.0({ 9.3) | 0.8(0.8) [-0.3(-0.2)
227 |CDF Run-2 clectron A, pre > 25 GeV 76]| 11 | 13.5(13.4) | 1.2( 1.2) | 0.6( 0.6)
234 |D® Run-2 muon A.y, pre > 20 GeV 7 9 9.1(9.0) | 1.0(1.0) [ 0.2(0.0)
260 _|D® Run-2 Z rapidity 78| 28 | 16.9(18.7) | 0.6(0.7) |-1.7( -1.3)
261 |CDF Run-2 Z rapidity 7O][ 29 | 48.7(6L.1) | L.7(2.1) | 2.2( 3.3)
266 |CMS 7 TeV 4.7 b T, muon A, pre > 35 GeV, 80| 11 7.9(12.2) | 0.7( 1.1) | -0.6( 0.4)
267 |CMS 7 TeV 840 pb~ !, electron Aen, pre > 35 GeV 81| 11 4.6(5.5) | 0.4(0.5) |-1.6(-1.3)
26877 [ATLAS 7 TeV 36 pb | W/Z cross sec., Ay 82]| 41 | 444 (50.6) | 1.1( 1.2) | 0.4( L.1)
281 D@ Run-2 9.7 fb~ ! electron A.p, pre > 25 GeV 83 13 22.8( 20.5) 1.8(1.6) | 1.7( 1.4)
504 CDF Run-2 inclusive jet production 84 72 122 ( 117) 1.7( 1.6) | 3.5( 3.2)
514 D@ Run-2 inclusive jet production 85]| 110 [113.8 ( 115.2)| 1.0( 1.0) | 0.3( 0.4)

1xx DIS

2xx Drell-Yan

5xx Jet

HERA I+II data plays an important role.

Old fixed target data still have strong impact on PDFs.

4/41



LHC data sets included in CT18 - new data
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1609.05331
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LHCb Z (W) muon rapidity at 7 TeV
LHCb 8 TeV Z rapidity

CMS W lepton asymmetry at 8 TeV
LHCb Z (W) muon rapidity at 8§ TeV
ATLAS 7 TeV Z pr

CMS incl. jet at 7 TeV with R=0.7
ATLAS incl. jet at 7 TeV with R=0.6
CMS incl. jet at 8 TeV with R=0.7

CMS 8 TeV tf (pr, y;) double diff. distributions
ATLAS 8 TeV tf pr and my; diff. distributions

ATLAS 7 TeV Z and W rapidity — CT18A PDFs
(PRD, arXiv: 1912.10053, T.- J. Hou et al.)
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Theory calculations @ NNLO

Obs. Expt. fast table NLO code K-factors R,F scales
L ATL 7 APPLgrid 1
Inclusive jet CMS 7/8 fastNLO NLOJet++ NNLOJet PT.PT
pZ ATL 8 APPLgrid MCFM NNLOJet \/Q2 +p3,
. LHCb 7/8
W/Z rapidity ATL 7 | APPLgrid | MCFM/aMCfast | FEWZ/MCFM My z
W asymmetry CMS 8
DY ATL7/8 ,
(low,high mass) CMS 8 APPLgrid | MCFM/aMCfast | FEWZ/MCFM Qu
_ ATL 8 Ht mp
tt CMS 8 fastNNLO = =

For Drell-Yan data and jet data, NNLO prediction are down by using NLO

prediction from applgrid/fastNLO times NNLO/NLO K-factor.

For tf data, NNLO prediction are down by using NNLO prediction from
fastNLO directly.

the MC integration of NNLO cross sections.
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PDF Ratio to CTISNNLO

PDF Ratio to CTISNNLO

Non-perturbative forms of PDFs in CT18
at Oy = 1.3GeV
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CT18 — sample result of exploring various non-perturbative
parametrization forms at Qg = 1.3 GeV.

There is no data to constrain very large and very small x region.
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Non-perturbative forms of PDFs in CT18 at
Q() = 1.3 GeV

In CT18, 6 d.o.f of partons are parametrized at Qy = m. = 1.3 GeV
> Aocp,

v -

1%
g u, d, u d, s.

Where 5(x) = s(x) is assumed, and u = v’ + it and d = d’ +d.
Heavier parton, like c, b and t, are generated through PDF evolution.
The functional form for the 6 parton flavors is

Fi(x,0 = Qo) = a1 (1—x)2P(x)

x— 0: floc x4l Regge-like behavior

x— 1t floc (1— x)“é, quark counting rules

Pi (x;a3,aq,...): affects intermediate x. In CT18, Bernstein
polynomial is applied.
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Requirements for PDF parametrization

Valence quark number sum rule

1 1 _
/0 [u(x) — @(x)]dx = 2, /O [d(x) —d(x)]dx =1

1
/ [s(x) — 5(x)]dx = 0
0
Momentum sum rule
1
Z / xfa/p(x7 Q)dX: 1
a=q.q,” 9

In total, there are 29 shape parameters used in CT18.
As a result, the full CT18 global fit yields x> = 4292, with a total of
3681 data points, and 2 /N, = 1.17.

10/41



Ratio to CT18NNLO

Ratio to CT18NNLO

PDF Luminosities at 13 TeV LHC
CT18, MMHT14 and NNPDF3.1
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Connected and Disconnected Sea Partons
from the CT18 Parametrization of PDF's

In Collaborate with Jian Liang, Keh-Fei Liu,
Mengshi Yan, and C.—P. Yuan

Phys.Rev.D 106 (2022) 9, 096008
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Gottfried sum rule

Gottfried sum rule (1967) was originally obtain by assuming & and d
to be the same, which leads to

ld 1 -
Sg = / IR - FW)] =2, withd(x) = a()
0 X 3

New Muon Collaboration (NMC PRL 66, 2712 (1991), PRD 50, R1 (1994)),
u+p(n) — pu+X, obtained

S6=0.235£0.026 (Q=2GeV)

LUF2—F)ax/x
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Gottfried sum rule
The alternative expression of Gottfried sum rule is,

1 2 /! - _
S¢ = 373/, dx (d(x) —a(x)) + 0(o2).

Hence, NMC data gives
r
/ dx (d(x) - (x)) = 0.147+0.039, at Q =2 GeV
0

The following experiments like HERMES (pLB387, 419 (1996)) and E866
(PRDS64, 052002 (2001)) also shown preference of i/d flavor asymmetry.

Experiment (Q?) (GeV?) fol [d(x) — @(x)]dx
NMC/DIS 4.0 0.147+0.039
HERMES/SIDIS 2.3 0.164+0.03

FNAL E866/DY 54.0 0.118+0.012
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What is the origin of [ dx (d(x) — @(x)) # 0?
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Hadronic tensor in Euclidean path-integral formalism

Motivated by Hadronic tensor in QCD path-integral formalism in
Euclidian space. ds ds

v+cs 7, —ds
L+(§ ];:

1/ H

Connected sea(CS) Dlsconnected sea(DS)

u = uv+cs + uds’ d = dv+cs + dds
i o= i 4 uds a — C_ZCS Zlds
Define u” = u"" — i, which is equivalent to defining u®* = i
Uu—i = (uv+cs +uds) . (ucs+uds) _ uv_|_ (I/t )
# u’, unless u® = g%

Similarly, d” = d"¢ —d*s.
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Hadronic tensor in Euclidean path-integral formalism

versus
Quasi-PDF from Lattice QCD

Path-Integral Formahsm B ds ds
v+cs p

L+cs

85

Quasi-PDF from Lattice QCD ds =ds
v—l—cs q 4

b

Connected Insertlon(CI) Disconnected Insertion(DI)
17/41
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Quasi PDF results from LP3 and ETMC
connected insertion calculation

4 6
Lp3 67/ L u — d
Bmsr/L
st W —---- NNPDF1.1pol { 4 | |mmmion/L
W\ e JAM17 [Cas
M ABMP16
| [MINNPDF3.1

Au-Ad
~

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 2

-1 -0.5 0 0.5 1
X 9
LP3 — H.W. Lin et al, PRL, arXiv:1807.07431 C. Alexandrou et al, PRL, arXiv:1803.02685

Where
g(x>0)=¢q""(x), g(x<0)=—g“
Parton degrees of freedom are the same as in hadronic tensor

K.F. Liu, PRD, arXiv:2007.15075
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Lattice input to global fitting of PDF's

Lattice result from overlap on Ny = 2+ 1 DWF on 4 lattices, with one
at physical pion mass (J. Liang ef al, xQCD, PRD, arXiv:1901.07526)

1.00
vV o241 ¢ a8l B2 NNPDF3.1 NNLO

0.95 A 321 O 320 . BN CT14 NNLO
MMHT14 NNLO

0.90

ENY R (th

5085
95
< 080

X
=~ 0.75

0.70

0.65

0.60

0.02 0.04 006 0.08 0.10 0.12 0.14
m2 (GeV?)

l _ (X)s15 a eV) —
R 7()6)%_,_3(1)1) (at1.3 GeV) =0.822(69)(78)

This is the only Lattice data used in the CT18CS analysis.
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Strategy for global analysis in CT18CS

In CT18CS, the non-perturbative PDFs parametrized at Qp = 1.3
GeV are :

v v ~cs cs ds
g? u ) d ) u 9 d ) N *
In this analysis,

Disconnected Sea (DS) components:
Similar to CT18 fit, we assume 5(x) = s(x). Hence,

59 (x) = 5% (x).
Likewise, we also assume u® (x) = % (x) and d% (x) = d*(x) for
simplicity.
Assuming isospin symmetry for i and d quark PDF
This leads to

udi —ds dds C‘lrds — Rs = RE,

With 1/R =0.822 at Qp = 1.3 GeV.
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Parton degrees of freedom at 0y = 1.3 GeV

Connected Sea (CS) components:
We define u* = u® and d*° = d“*. They will be separately
determined by the global fit, though with the same a; and a;

components.

The physical parton degrees of freedom used in CT18CS are then:

g =
u =

14

In CT18 —

L QIS QL

8par
e
dV
par
ﬁCS _|_ ads — ﬁpar +Rspar In CTISCS
d® +d® = dyar + RSpar

s = Spar

Both CT18 and CT18CS have 6 independent non-perturbative PDF
functions, hence 6 parton degrees of freedom, at Q scale.

The PDFs f(x, Q) at Q > Qy are obtained by applying DGLAP
evolution equations, as in CT18.
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Global Analysis - CT18

The global analysis of CT18 has already included the data of NMC
and E866, and thus reflect the & # d.

[15# [Exporimental data st T
160 [HERALFII 1 fb-1, H1 and ZEUS NC and CC e*p reduced cross sec. comb. [27][1120] 1408(1378) [13( 1.2)] 5.7( 5.0) 0.2 e T —
101 [BoDMS 1651 397 | o7 (3s8) [11(10)] 1a(18) @0)(x.Q) at Q=13GeV 90%C.L.
102 |BCDMS Fy [66]{ 250 | 280 (257) |11(10)| 13(16) CT18NNLO
104 |NMC FY/F] — NMF 167)| 123 | 126 (116) |L0(0.9)]0.2(-0.4) 0.1f 4
108 |CDHSW 65]| 85 | 856 (563) |10 10)] 0.1(02) 5
1097 |CDHSW 65]] 96 0.9(0.9)[-0.7(-0.7) >
110 169] 69 | 78.8(76.0) |1.1( 1.1)] 0.9( 0.6) =00
It [70]| 86 | 33.8(314) |0.4( 0.4)|-5.2( -5.6) ©
121 |NuTeV v SIDIS (71| 38 | 185(303) |0.5(0.8)|-27(-0.9) %
125 |NuTeV mpp SIDIS [71)] 33 | 385(567) |12(17)] 0.7(25) 01} ]
126 R vy SIDIS (72| 40 | 20.9(35.0) [0.7(09)|-11(-05)
127 R o SIDIS (721 38 | 19.8(18.7) [0.5(05)|-25(-27)
15 [Hie (73] 10 | 68(10) [0.7(0)]-06(-0.0) Y] S X L X K
147 |Combined HERA charm production )| 47 | 5830564) [12(12)] 13(10) 10° 10% 10° 107 10! 02 05 09
160 |HI FL Bol| 9 | 17.0(15.4) [Lo( 17| 17( 1.4 X
201 |E605 Drell-Yan process —a [75]| 119 | 103.4( 102.4) [0.9( 0.9)|-1.0( -1.1) 25
203 |E866 Drell-Yan process opa/(20ps) L — BEXO0O ] 5 [ wire) [tiii|osios (@U)(x,Q) at Q =1.3 GeV 90%C.L.
204 |ES66 Drell-Yan process Q*Payy/(dQdzr) - (77| 182 | 244 (210) [13(1.3)] 209027 CT18NNLO
CDF Run-1 electron Ay, pre > 25 GeV s 1| 9.0(93) |08(0.8)| 20 N
CDF Run-2 electron Agy, pre > 25 GeV [rol 11 | 135(13.40) [12(1.2) °
DO Run-2 muon Aur, pre > 20 GeV )] o | 91(90) [ro(ro) ® 15
260 |DO Run-2 Z rapidity 181]] 28 | 169(187) |0.6(0.7) o«
261 |CDF Run-2 Z rapidity 82| 20 | a8.7(611) [17(2.1)] 2 %
266 |CMS 7 TeV 4.7 fb~!, muon Acs, pre > 35 GeV (s3] 11 | 78(122) |0.7(10)[-06(0.) 10
267 TeV 840 pb~?, electron A, pr: GeV (84| 11 | 108(161) [11(15)| 0.3(1.1) 7
20877 [ATLAS 7 TeV 35 pb ! W/Z cross sec., dun 55]] a1 | 404 (506) |11(12)] 0.4( 1) ost 4
281 DO Run-2 9.7 fh ! clectron A, pre > 25 GeV s6]| 13 | 22:5(205) |18 16)| 17( 1) -
501 |CDF Run-2 inclusive jet production (57 72 | 122 (117) |17 16) 35(32) u
514 |DO Run-2 inclusive jet production [s5]{ 110 1138 (115.2) [ £0( 1.0)| 0.3( 0.4) O%) 3 ]5,4 16,3 11'), 10',1 0:2 0?5 0f9
X
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Small-x behavior of CT18CS PDF's

The non-perturbative PDF functions are chosen so that
_ x—0

d/in — 1. <« Isospin symmetry, similar to CT18
—ds Tds = 0 _ ..

a4, d%s 59 o x . < Similarto CT18

—cs T 0 —os s . .
u,d” EAN u’,d". < g“ is in the connected insertion

d/u =l g Ju of CT18. <= Valence behavior, similar to CT18.
d/a =Y d/a of CT18. < Describe E866 and E906 data.

Where f(x,0 = Q) = aéx“il_l(l —x)“éPi(x)

CT18 u’ d’ g 7 d s
a 0.763 0.763 0531 —0.022 —0.022 -0.022
a 3.036 3.036  3.148 7.737 7.737 10.31
CT18CS | v’ d’ g s dcs 59
a 0.7393)  0.739%) 0553 0.7390)  0.739G)  0.000®
a 3.036%  3.036% 3371 7.7370)  7.7375)  11.57
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CT18CS PDFs

With the input of a® = g9 = Rs%, and

1 _
_ s 0.822at1.3 GeV

R {x)z4a(DI)

from lattice QCD, and considering the ansatzs of small-x behavior,
we obtain the CT18CS at Qg = 1.3 GeV scale.

0.6 et . — — Y- — . — —
| PDFsat Q =1.3 GeV, 90%C.L. PDFsat Q=1.3 GeV, 90%C.L.
04} 04
(3 o
X X
% 02f % 02t
—— .. Yctages | s —— . e
10° 10% 10°  10? 10l 02 05 09 10° 104 10° 102 05 09
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CT18CS PDFs

0.2 T
Q=13GeV
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01f —— x(@-0) HERMES 1 d—un
— ( s | ddS) _ (ﬁcs + udS)
— acs ucs
107 10t
X
L PDFsat Q=13GeV, 90%C.L. 1 0gl PDFsat Q=13GeV, 90%C.L.




CT18CS PDFs
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The (x) Moment of CT18CS at 1.3 GeV
The (x) moment of CT18 and CT18CS at 1.3 GeV:

PDF <X >y <X >gv <x >, <X > <x>z <X >
CTI8 0.325(5) 0.134(4)  0.385(10) 0.0284(22) 0.0361(27) 0.0134(52)
CTI8CS 0.323(4) 0.136(3)  0.384(12)  0.0287(25) 0.0364(34)  0.0137(39)
PDF <X >pres <X D>gutes <X ST <x>% <x>y
CT18CS 0.335(7) 0.155(8)  0.0120(64)  0.0197(70)  0.0167(49)

More direct comparison between global analysis and lattice
calculation can be done for each parton degree of freedom, instead of
being limited to u —d and s.

0=12.0GeV 0=13GeV
CT18 Lattice CT18CS CT18
0.111-0.209% =2+1
(Xt _q+ | 0.156(7) 0.153-0.194%=2+1+1F 1 0.173(7) 0.175(8)
0.166—0.212%=2
(x) g+ 0.033(9) 0.051(26)(5)* 0.027(8) 0.027(10)

F Prog. Part. Nucl. Phys., 121:103908, 2021. # Phys. Rev. Lett., 121(21):212001, 2018
u+ _d+ — (u—&-ﬁ) _ (d-‘r(:i) — (uv+zrs +uds +ﬁzrs -‘rﬁds) _ (dv+cs +dds +Zics _,’_ads)
CT18CS, (Mv+cs _ dVJrcs) + (L—‘cs _ am)

_ . _ds CTISCS.  ds
st =s+5=sB43% 220 o 28/41



Impact of lattice Strangeness Asymmetry
data in the CTEQ-TEA global analysis

In Collaborate with Huey-Wen Lin, Mengshi Yan, C.-P. Yuan
arXiv:2211.11064
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CT18 with s(x) # 5(x)
In the framework of CT18, 6 d.o.f of partons are parametrized at
QO =M, = 1.3 GeV.
g, u, d, u, d, s.

Where 5(x) = s(x) is assumed. The number sum rule for strangeness
is satisfied naively. Because the DGLAP equation preserve

[ 1560 ~5olax =0,
0 -

People used to parametrize the strange as sy =s+5and s_ =5 —35.
For example, in CTEQ 6

51 (6, 00) = a1 (1 - x)=P, (x)
s_(x,Q0) = 54 (x,Qp) tanh[ax? (1 — x)°P_ (x)]

P_(x) = (1—)610) (1+de+ex +...)
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CT18 with s(x) # 5(x)

We consider an alternative way on parametrizing the strangeness.
Consider both s and 5 contain an overall factor ag :

s(x,Q = Qo) = apxi ! (1 —x) %P (x) = apg’(x)

[ labe )~ g =0

By given af), the a; can be determined by the strange number sum
rule.
L Jalg
07 [gf(x)dx
Different from the root-finding method, there is no presumed
requirement on the function form of g*(x) and g°(x).
But it is relatively hard to control the number of crossing in s —5.
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CT18As NNLO:
CT18A with Strangeness Asymmetry

CT18As
SHT20
- NNPDF4.0

's(x,Q) & Q=2.0 GeV 68%C.L.

10

101 02 05 09

0.03
0.02F
&
%001
%
0.00
S(x,Q) at Q =2.0 GeV 68%C.L.
0015 . . .
10 0.2 M 0.5 0.9

Starting from CT18A, we select
the strange asymmetry with single
crossing from various trial

parametrizations.
0.03 T
CT18As
2 MSHT20
ooz “7INNPDF40 |
[4
R>7<Y 0.01
0.00 \ B
5x,Q) & Q=2.0GeV 68%C.L.
0013 . . .

0.2 05 0.9
X
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Flavor Ratio

1.5 e

1o} CT18AS Asymmetry norminally reaches

0sb NNPDRRO ~ 50% at x ~ 0.25 in three global fits.
00 4 s_ #0is preferred by

05 1 LHC Drell-Yan processes

10 (s9)/(s+5)(x,Q) at Q =2.0 GeV 68%C.L. and E866 p/ d ratio.

R R . e .
10° 104 10°  10? . 10102 05 09

15 T T T T T T T T T T T T T T T T \2\ \2\ T T T T T T T T T T T
X XCTI8A + CTI8As
107 LHC DY +CCER v
HERA
5 + + NuTeV-y
= +
93 0 T+t *+ 4 e T
B + + + +
IR o+ o4 T+ 4+ +
-5
+ E866 p/d
-10+ Inc. DIS di-muon B
+ ATL7 W/Z
_15 L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L
B B2 B2 12 B DD A LA A N N = e i e e e i e e e e e e e (SRS S S SRS S S A S N S R S SR ]
S5 EZIEE5IEBSRRR85CRURREE3S3RRRNESSRERE
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JFirst Lattice Strange PDF

§ On the lattice, one needs to calculate the following

)

2005.12015, Zhang, Lin, Yoon
§ Results by MSULat/quasi-PDF method

& Clover on 2+1+1 HISQ 0.12-fm 310-MeV QCD vacuum

e 7,184,000 strange loops 006
A M,;=690 MeV
© 344,832 nucleon correlators  _ 005;  c m=at0mev
& RI/MOM renormalization ©°% "™ g i
&= Extrapolated to g 002 g1
M, = 140 MeV -
0'0 1 2 3 4 5 6

(' MICHIGAN STATE
Q UNIVERSITY




JFirst Lattice Strange PDF

§ Lattice matrix elements

— 003
ootz
=001 B & A ATEEH Y I+ L4 ‘»f
] > L
4 1 =
003
010 >
wmwaees P2=2 18GeY CT18NNLO
T o tacev nPDFs 1NNLO
0.08 A P:=0.43GeV
O P,=0.86GeV
So0s 7 Pe12Ge
N P.=1.72GeV
%=
Toos o Pe2isee J 4
002 1
Iy
b
0.00 _
0 i ) 3 i 5

§ From quasi-PDF to PDF

- Ldy
e B) = f L0 Casa .y, Bt

f MICHIGAN STATE
U v

Aoep Agep
x2pPZ’ (1-x)2P?

&~ Strange-antistrange symmetry

Re[h(z)] / dx (s(x) — 5(x)) cos(xzPz)

Im[h(z)] x / dx (s(x) + §(x)) sin(xzP;)

s(x) — 5(x)

0.15 T T T T

T T T
P, =1.70GeV
M quasi-PDF

0.10 B matched PDF |

0.05

-0.05




CT18As_Lat:
Strangeness asymmetry with a lattice QCD constraint

sxQaQ=13GeveswcL. | CTI8As:
o06p  CT18Ms 1 CT18A with strange
asymmetry.
CT18As_Lat:

PDFs with lattice input.

PDFs if the lattice errors
are reduced by 1/2.

04 Losud ol 1 1 1 1 1
10°%10%10° 102 . 10l 02 05 09

Lattice QCD calculation provide prediction for 0.3 < x < 0.8.

Lattice QCD prediction disfavors a large s_(x, Q) for x > 0.3
region. It cause the reduction in s_(x, Q) /s+(x, Q) for x < 0.3
(depending on the parametrization form).
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CT18As _Lat:

Strangeness asymmetry with a lattice QCD constraint

008
s(x,Q) & Q=1.3 GeV 68%C.L.
006} [ CT18As
:CT18As Lat
__004f 1CT18As HELat
9 — Lat. _#77
2 oo} TGO LAt ol
P
i

Di-muon data provide measurments for
0.015 <x < 0.336.

DIS and dimuon SIDIS show less clear
trends.

15 T T T
X=X + CTI18As
10 LHC DY (:1?1§f\, = X CTI18As Lat [
+ CCER v s_Lat
HERA
5 + + NuFeVy
X X
<
sgg 0 < X X X X +
3 5 KX F %
47+ ¥ox o+ Xy ¥
X + E866 p/d
-10F Inc. DIS di-muon B
+ ATL7 W/Z
sl L
R R RS S 0SS E NN Rrra o SS8R8RERRREREY
NARXLCOWNRNENWOO—=~NEXOOO—=RUNANTUNIO—=WLWAEAUNIRL,O—=OI—KE &
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Summary

PQCD and LQCD are both important methods for studying the
structure of hadron. But there were only few physical quantities
can be used for comparison is the past.

With the input from lattice QCD, L= L{”, we consider

. . R (*)ara(DI)
global analysis with the connected sea parton degrees of freedom
taken into account, which are respondsible for iz # d, as
suggested by data. The result of global analysis, the CT18CS, is

found to be compatible with CT18.

The CT18CS allows to provide direct comparison between
lattice calculations and global analysis for each parton degree of
freedom.
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Summary

Lattice QCD calculation disfavors a large s_(x, Q) for x > 0.3.

By treating lattice QCD calculation as data, we have chance to
determine PDFs at x — 1.

The framework of global analysis provide indirect comparsion
between lattice calculations and experimental measurements in
the overlap region.
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Hadronic tensor in Euclidean path-integral

formalism

DIS in Minkowski space dl%%gm °‘2 E FIHVW,y

Win(5.¥) = LT = (V)| [ 51, OV e

= _Z/H |: d3172[E :| 2“)364(1771 7.177q)<N(ﬁ)‘JIJ(O)|n><n|JV(0)|N(ﬁ)>spinat'e,

Euclidean path-integral
(K.F. Liu and S.J. Dong, PRL 72, 1790 (1994), K.F. Liu, PRD 62, 074501 (2000))

Wi (@.5,7)
1 2my o, . L . = o
) N &(Bn—B—q) < NB)uln >< nlJyIN(B) > gpinave. € EnE)*
)1
=<N@) IZ (%04 (0.0)INB) >pinave.
K(T,v)p
Inverse problem /

(Laplace transform) — D(1) = Wy (1), K(t,v)=¢"", p(V)=Wuw(4V)



