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The CTEQ-JLab global analysis

] Collaborators:
— Theory: A. Accardi, W.Melnitchouk, J.Owens, |.Fernando, J.Xiaoxian

— Experiment: E.Christy, C.Keppel, P.Monaghan*, S.Li*, S.Park*

LL.O2 LL.O6 ML.05
11:54am 2:48 pm

] Latest public release: CJ15
— A.A,, Brady, Melnitchouk, Owens, Sato, PRD 93 (2016) 114017
— www.jlab.org/cj & Included in LHAPDF
— Working hard towards a new release
e With JLab 6, SeaQuest, RHIC, LHC

1 All-x PDF global fits, focused on the “large”-x region
— Maximize use of large-x data (esp. DIS)
— Large-x / small-Q? theory corrections, nuclear corrections
— Quantitatively evaluate theoretical systematic errors
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http://www.jlab.org/cj
https://lhapdf.hepforge.org/pdfsets.html

35+ years of unpolarized global PDF fits

Large-x treatment

CJ15 *
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*NLO only ** No jet data " see 1503.05221 ** see 1508.06621 ™ no reconstructed W
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Deuteron target 1: Fermi motion and binding

For details:
’Y* g S.Kulagin, ML.06
1 Weak binding approximation: ~* (3
ot
— Incoherent scattering from [ N pt ’
not too fast individual nucleons ﬂﬁz::}f?)g ~ v/
— Neglects FSI
© d d vl

d
Faq(x, Q) :/_deTIC(Z P2 ) [Ona(FD)] Fan (2/2, Q2, p?)

il A v

kinematic and .
structure function of

“flux” factors '
Nucleon wave function bound, off-shell
nucleon
p-q Po + VP- P
O ~ 1+ po=M+¢e, e=¢q-
> C T g M lf ez ]

momentum fraction of d carried by N

—» atfinite Q2 7 = /1 + 422p2 /(2

quantifies how far the nucleon is from the light cone (y = 1)
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Deuteron target 2: off-shell corrections

rﬂ y

For details:
S.Kulagin, ML.06

] Nucleons are bound in the deuteron: v N
- p* < M?
(but not too much if x not too large) Z)\: E X!
— Structure functions are deformed d ply

1 Offshell expansion:

— parametrize first order coefficient

Fon (2, Q% p°) /f( Q)[ p2]\—4£\42@]

Free proton, neutron
structure function

“offshelll function”

— |n CJ15:
e parametrization inspired by Kulagin, Petti (2007)
e x1 fixed by valence quark sum rule 0f(x) = C(x —xo)(x —21)(1 + 2 — 20)
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Are we done with (nuclear) corrections?

] Not quite!
— Other nuclear corrections (shadowing, pion cloud, FSI, ...)

— Nucleon-level corrections, compounding smearing and off-shell
* Target Mass corrections ~ M?/Q?

e Higher-Twists (gluon FSI) ~4 . */0° Attention:
Q non-linear interplay

e Pion threshold corrections ~ M */Q F of power and nuclear
corrections

e Other power corrections ~ 41,,,%/Q*
)

— Theoretical choices:
e Details of implementation, approximations
e Wave function
e Additive vs. multiplicative HT
e Parametrization of off-shell function
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Are we done with (nuclear) corrections?
Theoretical choices -~ »

KP AKP CJ15 AKP-like

There is no “off-the-shelf”
huclear correction model:

(x-3uiseaJsoul) suonIaI0)

e systematicsipotentiallyilarge!

o Usdrg rldackiopdsioyy, ozhscriietiokieelaiz)|
(2s, rezieinie gzlga s Witnot fuse))

pi thresh. yes yes
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Interplay of observables

DO, CDF asymmetries

[

Deep inelastic
deuterium

X

D
F2d x Sp ® [CUUoff(x) + xdoff(x)} F3

Td & zu(z) + 4zd(z)
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Universal fit: d/u and binding effects

Accardi, Brady, Melnitchouk, Owens, Sato, PRD93 (2016) 114017
) d/u and binding at the same time

— confinement at large x  (using flexible large-x d-quark)
— bound nucleon corrections in deuteron PDFs

Bl CJ15 i 0.2¢

0.8 MMHT14 | I
i e CTI
0.6l 0 JR14
= - {<— SU(6)
~— a1
~= 0.4} ]
! 1e— DSE o AVIS " K
0.2} 1€ helicity | --- CD-Bomn . .
: [ WJC1 .o
0t l«— scalar gg -0.6} -.... WJIC2 TeeT
0 02 04 06 08 0 02 04 06 08 1
x x

] Opens novel possibilities: test nuclear theory ideas against other data:
— Test “EMC effect” models (of course)
— On the lattice: “nucleon response to external color field”
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The elephant in the room

] Compare to Alekhin-Kulagin-Petti (2017)
— Same functional form (but different normalization)

0.2+

3

f(x)

25

2+

L3t

1

Kulagin-Petti

[-_—_] Global QCD fit to p,D

Kulagin, Petti (e+A fits),
NPA 765 (2006) 126

Alekhin + KP (e+d global fits)
PRD96 (2017) 054005

o4 AVIS8 . osh
) -=-=- (CD-Bonn | CJ15:
........ Wil . ol PRD 93 (2016) 114017
—0.6f ... WJIC2 "
. ‘ . ‘ ‘ . ‘ . -0.5 |
0 0.2 0.4 0.6 0.8 02 04 T 08

|

— Different shape and size ?!?
] But many (MANY) differences:
— Extended d-quark (CJ15) vs. conventional (AKM)
— Fit real W asymetry vs. only decay lepton W = | + (n) asymmetry
— Off-shell, HT choices; WBA implementation, ...
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The elephant in the room

) Compare to Alekhin-Kulagin-Petti (2017)

— Same functional form (but different normalization)

Coordinated

+d global fits)
154005

V18 wave fn.)

benchmark effort wWith AKP
IS In progress o

] But many (MANY) differences:
— Extended d-quark (CJ15) vs. conventional (AKM)

— Fit real W asymetry vs. only decay lepton W = | + (n) asymmetry

— Wave function, Off-shell, HT choices, WBA implementation, ...
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Parametrization of off-shell deformation

Fixed by baryon
D 3 CJ variations number sum rule

— CJ15 - Factorized a la KP: 6f(x) =Clx — z0)(x — 21)(1 + 2 — 20)
— Generic 2" order polynomial: §f(z) = a + bz + cz?

— Generic 3" order polynomial: 6f(z) = a + bz + ca® + da®

0.2} | Kulagin-Petti
CJ15
0.0 beeetuneennsinseiiosessereecennsncnnnnnyossnsaes N CJ15 2™ order
' //\ — (CJ15 3" order
4. 0.2 -
)
—04kL .
—0.6F —
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Parametrization of off-shell deformation

Fixed by baryon
D 3 CJ variations number sum rule

— CJ15 — Factorized a la KP: 6f(z) =C(x —x0)(x — 21)(1 + 2 — 20)
— Generic 2" order polynomial: §f(z) = a + bz + cz?

— Generic 3" order polynomial: 6f(z) = a + bz + ca® + da®

Data lose constraining
power at x > 0.7

o g2 1a) epilalelWnign conrloziring € & AP

S OMEIeIRUENCTERENCE; GIUENGONITHEX I PO o)
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HT assumptions

1 2 sets of choices — 4 combinations:

— Isospin symmetric HT(p) = HT(n) vs. asymmetric HT(p)# HT(n)

— Additive vs. Multiplicative (with Q*-independent coefficients)
H(x)
QZ

Fy(w.Q?) = F§T (2.Q) (1 + chf))

Fo(z, Q%) = Fy' (2, Q%) +

] Note: any given HT choice also effectively imposes
isospin dependence, Q? evolution prescriptions!

e.g., a Q>—independent, isospin symmetric multiplicative HT
generates an equivalent additive HT that depends on both

Hy (2, Q%) = C(x) Fh (2, Q?)
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HT assumptions
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0.0t
—0.4t
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AKP-like!
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HT assumptions

HT and offshell are correlated

— Czpraver fligara sign o of

HT(p#n) removes ambiguities

~Nelelitiva o anieilaloliezraiye

'« Clo=n)els i CLS wWels i fzctlzhelacarii gss i otion !

=7

—0.04¢ ‘ —0.04}

—0.08

—0.08

0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
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Summary and outlook



Controlled PDFs at large x

CJ15: well controlled large-x PDF + nuclear correction model
— ABPM16/AKP similar framework

— cross-check, evaluation of systemetics

0.6 | \ + + + CJ15 PDF + uncert.
e ¢ ¢ B Nuclear
’+ $ ¢ B Parametriz. SU(6)
= 04 ' Y : Statistical
\ u ’

“ b < DSE
= 0.2 | ¢ Marathon 3H/3He . : ¢ ' QCD
0 Y 1D VDS . ‘}% ' P

|4 ‘BoNusi2— high Q* B -
OO ) : T y I ! T T T T T T T T T T oy, [
0.2 0.4 0.6 0.8 10 broken SU(6)

— Nuclear uncertainty larger than indicated above

e Only A(w.fn.) in the plot

e But we have seen more sources of nuclear uncertainty
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Nuclear model uncertainties

The D/N ratio is somewhat less controlled

1.08 ————r , , —
is analysis 2 [

ffffff Impulse approx Q2 =10 GeV / :-'Iiil

L CJ155f(x) /|

Accardi et al. 2016 /i

2

CJ15

FY/(FB+FD)
S

/

0.98

1 AKP

0 01 02 03 04 05 06 07 08 09
X

— Lots of differences in theoretical and fitting choices

— Take, provisionally, as magnitude of current theoretical systematics
— Benchmark in progress with AKP

0.96
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Outlook

Needs precise nucleus-free “control observables” < purk
M.Posik, ML.04 | SN | MLos
— W, Z from RHIC & LHC(b) —in progress! S = 2:48 pm

... and SeaQuest w/ X.Jing, S.Li, S.Park
A. Tadepalli, ML.07 )

— BoNus12, Marathon*, SoLID PVDIS T e

E.Christy, KL.O4 "~ M.Petratos, KL.02

Relative error ratio /j;

€2 =100 GeV?

—— EIC &
EIC e- & e+

e weak currents, tagged e+D @ FIC e & ot & tag

e PVDIS, positron beam | T o

— EIC: w/XJing, S.Li & the IRWG Jeald/u)Sraldfw)cass

...plus more bread & butter p, d DIS

— Full JLab 6 DIS data set -in progress!

w/ I.Fernando, S.Li

(00/8)/(6¢/),c

0.8 | @° =10.0 Gev?
1 |

I !
0.0 0.2 0.4 0.6 0.8 1.0

— DIS @ Jlab 12! ;
Overview: S. Malace, KL.01 P L I AR |
* Not quite “nuclear-free”... see Tropiano et al. PRC 99 (2019) N Femanh
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The Marathon parallelogram

Can extend the CJ15 triangle to a parallelogram

— and verify if off-shell protons ~ off-shell neutrons !!

DO, CDF (RHIC & LHCb)
MARATHON asymmetries

3H/3He T

&

Deep inelastic Offshell dynamics

deuterium

“BONuS” tagged
neutron target
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Backup



Deuteron target summary

gl’ y

1 Smearing function representation ;-’
— e.g., Kahn et al., PRC 79 (2009) |
— Precalculate the p_? integral Z)\: X/
: : d
— Obtain a “simple” formula: Pa

Fop(z, Q?) = (50 ® FQfN) (z,Q2) + (81 ® Fiiees fz) (2, Q%)
on-shell) ¢ N X

smearing function smearing function offshell deformation
of the F2 str.fn.

where: (S® F)(x) — / W s ) F(x/y)

Yy
2n

5,00 = [ (T ) Kt [owyallol)
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Fd x 2

Interplay of observables

DO, CDF asymmetries

Deep inelastic

CJ15
CDF
DO

et o

O0F = #0i5 = B o) s
yw

d/u d-quark at largest x
on proton targets

Offshell dynamics

deuterium

10°

u--m X=0.0052 (i=20) = HERMES
" ---m = NMC
10° 4 = BCDMS
= SLAC-Whitlow
1041 = SLAC E140X
JLab CLAS6
' © JLab E00-116
1034 JLab E99-118
° JLab E06-009
102 o JLab E03-103
1] =
10 L T B - e g-u-g X=035
= s S (. gt
10°4 Lo T ——
VT wErrelgRg-g-o--5 ¥=055
10714 Jlab 6H‘i‘|1111,fry.,,_r__. X=0.65
A A2 i 1Y e § X=0.75
1072 - . Hreryd
) [ .l/‘_ P =085 (i=0)
103 T T
10° 10t 102

OZ
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103

“BONuS” tagged neutron target

Ry T
10t

Fy /P % 2

1001

10!
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Nuclear wave function dependence

1 Partly absorbed by the d-quark to give stable F2(D) fits
— But chi*2 prefers AV18

0al | Il —— AVIS8
. 1.06} === CDBonn

| == AvI8
—04¢ - CD-Bonn
[ WJIC1 . )
-0.6F - WJC2 e
0 02 04 06 08 1 0 02 04 06 08 1
€z Z
0.6 1\¢ t } CJ15 PDF + uncert.
. ¢ + ¢ } B Nuclear SU(6)
] ¢t ) B Parametriz. ;
= 04 4 ¢ ¢ ' R Statistical
\ 1 | |
= GG )|
1 317 /3 N ¢
0.2 1 ¢ Marathon 3H/3He - ’ = D
1 ¢ SoLID PVDIS . _++ *) pQC
| ¥ BoNusl2 — high Q2 ‘H
0.0 v T ) T T T T T T T T T T T T *\
0.2 0.4 0.6 0.8 10 broken SU(6)
a€
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HT assumptions

14 —— ¢, Lé —— Oy
1.2} oo 1.2l Cn
C(m(from Additive) C(_p)(from Additive)
1.0 @, (from Additive) 1.0p C\,y(from Additive)
0.8 0.8
—~~ ~
2 -
§) 0.6t §) 0.6t
0.4} 0.4
0.2 0.2
0.0 — 0.0
—04g. 0.8 1.0 —04% 0.2 0.4 0.6 0.8 1.0
x x
0.04 : : 0.04 : .
— ﬁ(p) (from Multipl.) E— H{p)(from Multipl.)
002k M (from Multipl.) ook T m)(from Multipl.)
H(IJ) H(IJ)
—— H, — Hp
__0.00 __0.00
8 8
= =
—0.02} —0.02}
—0.04+ i —0.04}
—0.08%5 0.2 0.4 0.6 0.8 1.0 —0.08% 0.2 0.4 0.6 0.8 1.0
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