CTEQ-Jlab PDFs
and d/u ratio at large x

Alberto Accardi

Hampton U. and Jefferson Lab
CTEQ-lefferson Lab

F2/EMC collaboration meeting

Jefferson Lab, May 2"-3" 2019

E .geff;?son Lab

THE STANDARD OF EXCELLENCE




Overview

] Basics of QCD global fits and PDF extraction
] The CJ15 global QCD analysis
) d/u ratio at large x

] Summary and the future

REFERENCES:
* Accardi, PoS DIS2015 (2015) 001 — “PDFs from protons to nuclei”
* Accardi et al, PRD 93 (2016) 114017 — the CJ15 global fit
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Basics of QCD global fits
(of parton distributions)
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Factorization of hard scattering processes

g/
4 / 1 perturbative QCD factorization
> j of short and long distance physics
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N f17f27 73/ \
& A tribut pQCD
fi Parton D_|str| _utlon Fns cross section
(from inclusive DIS)
1 Universality: PDF from DIS describe also
Y DY, jets, Higgs, susy particles, Kaluza-Kleins, ...
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Factorization of hard scattering processes
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Global PDF fits

Problem: we need a set of PDFs in order to
— calculate a particular hard-scattering process (old or new physics)
— Investigate non-perturbative QCD: quark binding, ....

Solution:

— Choose data from a set of different, trustable, hard scattering
processes

— Generate PDFs using a parametrized functional form at initial scale
Q; evolve them from Q_ to any Q using DGLAP evolution equations

— Use the PDF to compute the chosen hard scatterings

— Repeatedly vary the parameters and evolve the PDFs again

— Obtain an optimal fit to a set of data.

Modern PDF sets: CTEQ-TEA (CT18), CTEQ-JLab (CJ15),
MMHT, NNPDF3.1, ABM16, JRO9, HERAPDF1.5
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Global PDF fits

data theory
*DIS: p, d  pQCD at NLO
* p+p(pbar) — II-, W, Z e Factorization & universality

* p+p(pbar) — jets, y+jet » Large-x, low-Q?, nuclear corr.

fits
- Parametrize PDF at Q_, evolve to Q

* Minimize y°

F,(n)
W,z / W',Z', Higgs
(or any other “hard” observable)
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The CJ15 global QCD analysis



The CTEQ-JLab global analysis

] Collaborators:
— Theory: A. Accardi, W.Melnitchouk, J.Owens, N.Sato
— Experiment: E.Christy, C.Keppel, P.Monaghan

1 All-x PDF global fits, focused on the “large” x region
— Maximize use of large-x data (esp. DIS)
— Include all relevant large-x / small-Q? theory corrections
— Quantitatively evaluate theoretical systematic errors
— Use PDFs as tools for nuclear and particle physics

] Latest public release: CJ15

— Accardi, Brady, Melnitchouk, Owens, Sato,

. . PRD 93 (2016) 114017
e www.jlab.org/cj

e |Included in LHAPDF
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Global PDF fits as a tool

Test new theoretical ideas
— e.g., are sea-quarks asymmetric? Is there any “intrinsic” charm?

Phenomenology explorations

— e.g., can CDF / HERA “excesses” be at all due to glue/quark
underestimate at large x? Are there new particles at the LHC?

Test / constrain models
— e.g., by extrapolating d/u at x=1
— Constrain nuclear theory corrections !!

Limitations

— existing data
& As a user you should

— theoretical uncertainty |

accardi@jlab.org F2/EMC collab. Mtg, - JLab — May 2019 10



35+ years of unpolarized global PDF fits

Large-x treatment

ahs NER HERA Toon 1y A HT Flex v
CJ15* v v v v rox vV vV vV YV
CT18 v v v v v
MMHT14 LI
NNPDF3.1 v v v iy
JR14 v v v v v
ABMP16/17 ** vt v v YV v
HERAPDF2.0 4 :

*NLO only ** No jet data " see 1503.05221 ** see 1508.06621 ™ no reconstructed W
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A PDF landscape

Pert. order
A “Do we need N3LO parton distributions?”
——_ —F I, PLB 731 (2014
N3LO { . e 201 Plenty of
T opportunities
@ NLO
QED
corrections _ "
NNLO N l\lNP_DE
MMHT >
Resum-
mation(s) % #
NLO CTEQ-JLab > Theory input
(roughly x)
<>
Onthewayto |~ LT NUCL TMC/HT RESUM  Quark-hadron
“1% precision” duality
for the LHC
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Data coverage for PDF fits
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Data coverage for PDF fits
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New in CJ15

] s-ACOT scheme for heavy flavors e ’ e X
] New data: W - p
— BONUS spectator tagged DIS on neutrons ... . —°"
— HERA I+l combination
— HERMES F2

— High-statistics W-boson
charge asymmetries from DO

p T1 W l p T W

pbar < v pbar q
] New off-shell nucleon treatment

in deuteron targets (DIS and DY)

— Parametrized vs. modeled - absorbs wave function uncertainty
— Comparison to extraction from DIS on heavier targets
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CJ15 - PDFs

d+
d— 1
g/10

Q% =10 GeV?

0% 10°% 102 0.1 03 05 0.7 0.9

O] Fitted with  x°/datum = 1.04

] Hessian error analysis

— Correlated errors where
available

] Error bands displayed for
Ax? = 2.71

( 90% confidence level
in a perfect, Gaussian world )

) LO fit much worse — cannot accommodate Q? dependence of data
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d/u extraction
(and not only)



Deuteron target: needs nuclear corrections

1 Atlarge x, DIS dominated by incoherent scattering from individual nucleons

]

."},l
/—d;u fnya(zp%) @ (x/ 2, 9%, Q%)
N nucleon momentum PDF in bound
distribution in d (off-shell) nucleon
Jd (“smearing function”)
P-q Po + VP p?
—_— I = ~ 14+ —k— po=M+¢e, e=¢4— —
Pd - q N M lp“ " ' oM

momentum fraction of d carried by N

—> at finite Q% smearing function depends on v = /1 + 4M2:2/Q?

) Offshell expansion; parametrize first order coefficient, x, fixed with valence sum rule

PP : 2 - M* :
(2% = () |1+ L) 5N ()
N 1."."-" P ¥ E e e e ’ ’ ! c N 3 N 3 — N 3
0 =Cn(x —x0)(x —x1)(1 + 2 — x0) / dz dq (.;.rt)(r} () — g (.;3)) =0
Jo
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Tevatron as NUCL facility (!)

Accardi, Brady, Melnitchouk, Owens, Sato, PRD93 (2016) 114017

! Reconstructed W — constrain d-quark at largest x on proton targets

0.5 == CJ15
R

Y—"Ymaw 1 - d/u(xl)

A > 3
w(y) 1+ d/u(xy) -
n
] Compare to abundant deuteron DIS data: X
— constrain deuteron corrections
— precise u, d flavor separation D Fd«x 8[45%(33) i xd(x)}

] Currently, mostly a D@ vs. SLAC(d) interplay
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Tevatron as NUCL facility (!)

Accardi, Brady, Melnitchouk, Owens, Sato, PRD93 (2016) 114017
) Universal fit: d/u and binding effects

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

Bl CJ15 i 0.2¢

0.8 MMHT14 | T
| CT14
0.6l 0 JR14
s | J<— sU(s)
~— a1
~ 0.4} ]
! 1e— DSE 0 AV18 N 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
xX 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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Interplay of observables

DO, CDF asymmetries

Deep inelastic deuterium

- lLarge body of data from
multiple experiments

- Datauptox~0.9

- Q?range for evolution
- Requires deuteron nuclear

corrections

accardi@jlab.org
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Keppel, DIS 2019 talk

- Dominant constraint on d(x)

- Datauptox~0.7
Not much data (~a dozen points)

“BONuS” tagged neutron target

Nearly model-
independent neutron
data

Data obtained in 6 GeV
JLab era at low W, Q

22



Interplay of observables

0.5

Keppel, DIS 2019 talk

[ DIS only
Bl + BONuS
Bl - (asym (& Z rap)
Bl -V asym

1 04 >r>02
101}
2 P 0.4
Q@ = 20 GeV?*
W 049 > r = 028
g Tagdgl $3. Q' =24 GeV? 0.3
™ 053 > x > 0,34 ot
X =
L A= I 058 = r = 040
e
en 100} 5 !
X b O = 34 GeV?
062 = r > 046
P = a0V (i=0)
065 > ¢ > 0,56 BO N US
il { JLab
— CJi5

10!

5 G 7 8
H;Z {G(,\ﬁ!) T

* BONuS data well fit by CJ

* Effect of adding BONUS (also

/

W, | asymmetries from DO)

* Substantial reduction in d/u___

uncertainty at large x!

accardi@jlab.org

A. Accardi, et al., Phys. Rev. D 93 114017 (2016)

CJ15

0.7

08 0.

CJ15
MMHT14
CTi4
JR14

{e— SU(6)

1e— DSE
<«— helicity

scalar gq

0.4
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Interplay of observables

' ' ' ' ' 0.5 . . .
W Lrulz L0 (i) [ DIS only
D = r=0H
10t} : 0.4l E -+ BONuS |
W gotanet ' B - asym (& Z rap)
Bl -V asym

0.3}

[% II Q= 2.4 GeV?
053 » x>0

CJ15

PR %2

Mutual agreement
gives confidence
in extracted
deuteronicorsiections

* Effect 0 0
W, | asymmetries from DO)

. /|~ DSE
* Substantial reduction in d/u__M | «— helicity

uncertainty at large x!

Ot

A. Accardi, et al., Phys. Rev. D 93 114017 (2016) 0 0.2 0.4 0.6 0.8
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Application: Neutron DIS “data”

1 F2(neutron) extraction — with Shujie Li
— Take F2(p) and either F2(d), F2(d/p), or F2(n/d) data

K B

— Apply CJ15 nuclear corrections

— Extract F2(n) or F2(n/p)
— Use, e.qg, for “pure” A/(free nucleons) “EMC” ratios

103 A

106 4

104 4

100 4

10“2 4

_—a X=0.0052 (i=20)

A X

o JLab E99-118
o JLab E00-116
4 BCDMs

o JLab E03-103
a4 SLAC E140X
4 NMC

&
- - i)

4 SLAC-Whitlow

B . e s S e T

b St

x=0.1

-
T e e
--'1'.1‘l*r——'—-‘—-->-—l—>-q>-b'"'h-t‘t—.—n—‘

----- L e e i R e
B i i S g Rl L

'-’"‘t"-l""“".“"t"*-?‘.—.f“-l;r{M-Q&A'A‘—&-.

-*:--Mmr.kﬂpfp-m-

x=0.11
x=0.14
x=0.18
x=0.23
x=0.28

bt b wg-a-y XS 0.35

i“l‘"i‘l“"‘-m-l}f{—l—}--‘--r—-i x=0.45
‘5’;‘._{‘-‘1-!..{1-;..}1_...*_ - x=0.55
g.{,;_ff X=0.65

?TTf*'}‘IL

et ?%—%T-T

i
l x=0.75

102
10°

accardi@jlab.org

10!

B 9.3

+  HERMES
+ x=0.0052 (i=18) Fz s+ NMC
x=0.0083 n p s+ JLab BoNuS
108+ e s SLAC-Whitlow
tr-w—a--u--a X=0013
- we—w--w--a--a  X=0.018
Xx=0.026
X=0.036
6 | a
10 Xx=0.05
& i % i Xx=0.069
*L-—r— ----------------------------------- =0.088
e =01
4] L
10 e - =011
e e 0.14
B T e R e e e T =018
102 P -aE oy - x=0.23
N T B T T e, S " TETEPUTEN R Sl U2}
=0.35
S o e T TSRS =0.45
L1 IR e =0.55
10°1 LB 3 ,
S — I x=0.65(i=0)
102 - -
10° 10t 102

F2/EMC collab. Mtg, - JLab — May 2019

Q2




Application: Neutron DIS “data”

F2(neutron) extraction — with Shujie Li

Take F2(p) and either F2(d), F2(d/p), or F2(n/d) data
Apply CJ15 nuclear corrections
Extract F2(n) or F2(n/p)

And F2(p-n)

accardi@jlab.org

p—1

2

v.s. zp; (Q rebinned)

Q2 = 2 GeV?

Q2 = 4 GeV?

Q? = 6 GeV?

SLAC-Whitlow
SLAC E140X
NMC

JLab E03-103
BCDMS

JLab E00-116
JLab E99-118
HERMES

o 0000 O0O0CO0

Q? = 15 GeV?

-7
—_——

B e B Rt T T i e
Thy Thj Tpj Thj
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d/u summary and future



Summary: controlled PDFs at large x

CJ15 provides the most controlled large-x PDF fit on the market

— ABPM16 next-best choice / benchmark

0.6 1 \ + + ' CJ15 PDF + uncert.
! ¢ ¢ 4 B Nuclear SU (6)
] I $ B Parametriz. AT

=04 ] ' § it ¢ : Statistical
% .+ ¢ : . < DSE

1 ¢ Marathon 3H/3He S ¢

e {  SoLID PVDIS/ . *M pQCD
| ¥ BoNusl2 —high Q? =

o0 +H—-"—17—"7""-"-+-—-—-"17-—"—"—""" IR S

0

i

X

o broken SU(6)

Further progress needs precise nucleus-free “control observables”...
— W asymmetry: RHIC
— BoNus12, Marathon*, SoLID PVDIS

...and more p, d DIS
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More p, d DIS = Jlab 6

CJ + LFernando + F.Araiza-Gonzalez
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] ]
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_d/u T T T ]
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£
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More p, d DIS = Jlab 6

CJ + LFernando + F.Araiza-Gonzalez
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More p, d DIS = Jlab 6

CJ + LFernando + F.Araiza-Gonzalez
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More p, d DIS = Jlab 12

Jlab12 experiment E12-10-002
Cleut: 12 > 3 GeV?

- =
20 _-'\'|"'|"'|"'|"'|'E‘"|'ﬂ" ]
s SLAC BCDMS,NMC, EMC 2 % an ; z
18 e lab6Gev e i i - . EDD 116 (JLab 6,GeV) ~ .4
- A a b :" ﬂ.-'-..-\ﬁ & = £ E
16 T E12-10-002 aah AL A s
L& A A & AA By b A a ,‘. ...'% §_§
- ab 4, L
m _f-?:HMSDHMS@? f .ﬁ*“’ié
v 12 [, , Q? fGew
Q,. : Faar
G110 o
Fata ® 1 JLab 12 GeV
8 [ .°
L4 2% — More than double Q? range
6 & .. . .
it 24 s Similar precision as JLab 6 GeV
i s .
TV Y _ (largely improve cf. SLAC)
02 03 0% []E 1
X Resonance
DIS region :
region
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Enters the EIC

] Unique at the EIC
— “Easy” spectator tagging in DIS

FTDIS
HERA1

TEVEW
TEV JET
ATLAS EW
LHCB EW
LHC JETS
HERA2

ATLAS WpT
CMS W ASY
CMS JETS
CMsS WC TOT
CMS WG RAT
LHCB Z
TTBAR

OO0 O 000000 ¥ X X X ¥ ¥ X X

ATLAS JETS 2.76TEV
ATLAS HIGH MASS

NNPDFS.O NLO dataset.ﬁ ...........

] Interpolates fixed target and HERA

_________________________ _______ * S D Large Qz Ieverage

— More evolution at large x

— Better separation of LT and HT

HIIIHI| IIIHI'IT‘ T TTIT IIIH|'|T| T TTTT I\IIII'IT‘ TTTI T

) High luminosity = large x capabilities

— EIC2 project under way
(Hobbs, AA, Furletova, Yoshida)

* Quasi-free neutron targets; neutron tagging — check vs real free p

e Strong PID capabilities — Ff, F<, ...

— High luminosity — CC, PVDIS — d/u, strange quarks, dbar/ubar, ...
— Unpolarized & polarized scattering (also light ions)
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Probing the Valence Regime at JLab12 Keppel, DIS 2019 talk

0.6 N + l ¢ CJ15 PDF + uncert.
‘ ¢ + B MNuclear
¢ | «—SU(6
i £ 4 B Parametriz. ( )
S 0.4 ] ¢ ' ¢ ' Statistical
""--..,_H_H_ -
- N | § L DS

) { f - Apy /3 [ ] L L ]
0.2 ¢ Marathon *H/?He o ‘ < cD
{ + SoLID PVDIS . _+" ‘2 PQ
$  BoNusl?2 — high Q2 ks
== . l."""ﬂ s scalar

0L _
0.2 0.4 0.6 0.8 1.0 diquark

T
* New generation of experiments at JLab at 12 GeV will access the regime where
valence quarks dominate

* First experiments COMPLETED! . Signiﬁcant
v Hall CF,P¢ EXPEC " ent in
o 314/3 _ e
Hall A 3H/3He | Impro’d s in next
 BONUS12 to run this Fall large x P
* PVDIS (further future) on p target 1-2 yearsll

 Dedicated effort to extract valence PDFs

« “CJ)”, (CTEQ-Jefferson Lab) — and also “JAM” (polarized PDF, SIDIS)
collaborations

* Also SeaQuest Drell-Yan experiment ES06 at FNAL focused on high x se
Jefferson Lab
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NUCL / HEP symbiosis

2

Observable Experiment # points X
LO NLO NLO NLO
(OCS)  (no nuecl)
DIS F5 BCDMS (p) [81] 351 430 438 436 440
BCDMS (d) [81] 254 297 292 289 301
SLAC (p) [82] 564 488 434 435 441
SLAC (d) [82] 582 396 @ 380 @
DIS F5 tagged Jefferson Lab (n/d) [21] 191 218 214 213 219
W /charge asymmetry CDF (e) [88] 11 11 12 12 13
DO (u) [17] 10 37 20 19 29
D® (e) [18] 13 20 29 29 14
CDF (W) [89] 13 16 16 16 4
DG (W) [19] 14 39 (1) 15 (s2)
Z rapidity CDF (Z) [90] 28 100 27 27 26
DG (Z) [91] 28 25 16 16 16
x2/datum 1.33 1.04 1.04 1._09
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NUCL / HEP symbiosis

Observable Experiment # points x2
LO NLO NLO NLO
(OCS)  (no nucl)
DIS F BCDMS (p) [81] 351 430 438 436 440
BCDMS (d) [81] 254 297 292 289 301
SLAC (p) [82] 564 488 434 435 141
SLAC (d) [82] 582 396 @ 380 @
DIS F5 tagged Jefferson Lab (n/d) [21] 191 218 214 213 219
W /charge asymmetry CDF (e) [88] 11 11 12 12 13
DO () [17] 10 37 20 19 29
DO () [18] 13 20 29 29 14
CDF (W) [89] 13 16 16 16 4
DO (W) [19] 14 39 @ 15 (s2)
Z rapidity CDF (Z) [90] 28 100 27 27 26

) lgnoring nuclear dynamics, SLAC(d) and DO(W) pull d quark
in opposite directions

— DO (W) data determine nuclear corrections !!

— other asymmetries inconclusive by themselves
— BONUS data validate DO(W) analysis
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Example 2: strange strange quarks

! v+A > dimuons vs.

p=3 GeV, n=3

I NuTeV/CCFR + NOMAD

I NuTeV/CCFR

.............

~*° CHORUS + CMS

[ - - - - ABMI2

-0 | - - = - CHORUS + CMS + ATLAS
~~°° NuTeV/CCFR + NOMAD + CHORUS W& .. .
60 |
| L L | L
1077 10 X 107 107" X

350.68 pb' (5.02 TeV PbPb)

p+p = W+c at LHC

Alekhin et al., arXiv:1404.6469

gsp, — We

VSA —>,u_,u+uus

PbPb 2.76, 5.02 TeV

D Heavy quark pUZZIE at RHIC / LHC: . :_EMIS : gge:rglid1hgdrons\v\<1.0
. . reliminary - -, I:‘ll s
— Color propagation in QCD matter ™ . rown @ ooz

not under theoretical control!
h 2 o F
h (AN"/d®pr) 4 4 s

Centrality 0-100% y 4

AA - h 2 04_ o . .
Neop X | AN /d pT) osk ht Yen-Jie,
pp T B+ Quark Matter 2017
Uru.\ L vl Lol
! plG(GeV/c) o
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Example 2: strange strange quarks

1 s:large or small?

— Possibly, large Hadron Mass effects
Guerrero, Accardi, in preparation

— Extraction of s(x) strongly affected
by kaon systematic uncertainty

(MX(z) + MX(2)) dz

©
o

0.15

0.1

« COMPASS 2006 data preliminary
= systematic error on hadronic radiative correction
other systematic error
| -- Monte Carlo LEPTO/JETSET(LUND)
- o HERMES
systematic error
| EEEe i }
— Y W
[ o s
- . %
°c o o ©
1 I 11 |
102 107!

] As : positive or negative?
— Depends on kaon FF used

in SIDIS calculations!
LSS, PRD 84&91

h 2
h 2y _ 9 (3::2::(’2 )
Al (:I::IZ}Q ) — F]_(T‘E Qi}) —0.04t

0.02}

0.02+

— What about the unpol s ?

accardi@jlab.org
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102
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Appendix:
Nuclear corrections



Nuclear physics output

] Compare to Kulagin-Petti fit to e+A collisions

— Same functional form (but different normalization)

0.2+

3

f(x)

25

2

1.5

1

Kulagin-Petti

[ -] Global QCD fit to p,D

Kulagin, Petti,
NPA 765 (2006) 126

Alekhin + KP
PRDY6 (2017) 054005

== AVI8 .
—04¢ -=-=- CD-Bonn .
-------- WICL 0
—0.6f ... WJC2 T
l ) l l ) ) ‘ l ) -0.5
0 02 04 06 08 1 S e e e s

T

] Different shape and size
— no nuclear universality ?? 0 fn
— too hard nuclear spectral function at large momentum ??

—> ?7?
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