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B Introduction to PDFs

B Unpolarised distributions
—> new “CJ” global analysis (including high-x, low-Q* region)
—> d/u ratio and nuclear effects (tested in ed QE scattering)

—> implications of PDF uncertainties for high-energy colliders

B Spin structure of the nucleon

—> new “JAM” global analysis of polarised PDFs

—> 1z — 1 behavior of polarised to unpolarised ratios Aq/q

B Outlook



Electron-nucleon scattering

B Inclusive cross section for eN — eX

\ hadronic
X debris

—> one-photon exchange approximation



Electron-nucleon scattering

B Inclusive cross section for eN — eX
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B Structure functions I, I,

—>» contain all information about structure of nucleon
(0-functions for point-like particles)



Electron-nucleon scattering
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B Parton model

—> scatter from individual quarks (“partons”) in nucleon

Fr(z,Q%) =x 63 q(x, Q%) (g=u,d,s...)

¢ 99

—» ¢ (x,0%) = probability to find quark type “g” in nucleon,
carrying (light-cone) momentum fraction x

okt RO 4k

X

pt pO +p?




B Parton model

—> scatter from individual quarks (“partons”) in nucleon

Fy(x,Q*) =z ) el q(x,Q%)  (q=uds..)
q

gluon radiation

—> at finite energy, 0’ dependence given by
(perturbatively calculable) QCD evolution equations

Iy — Fy(z,log Q%)



B Parton model - higher twist corrections

—> scattering from different quarks in nucleon

W

“cat’s ears” diagram quark-gluon correlations

. . 2 .
—> gives rise to 1/Q” corrections

Fa(e. @) = (0, @) (14

)

— important at high x and low Q°



B Parton model - target mass corrections

—> kinematical corrections from derivative operators
~ Qz/VZ — 4M2x2/Q2 (hence “target mass”)

—> target mass corrected structure function

. 2 6M223 [1 (0)( Qz)
M (0,08 = g PO Q) + Spp [ duti

12M4 4 1 F(O) 7@2

+ Qéwf /g dv(v — &) =2 S; )

0 L : .
) Fz( ) = structure function in massless (Bjorken) limit

2x

e new “Nachtmann” scaling variable ¢ =

1+ /1 +4M?222/Q?
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—> describes data over many orders of magnitude in x and Q
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Parton distribution functions (PDFs)

B PDFs extracted in global QCD analyses (CTEQ, MSTW, ...)

of structure function data from e, it & v scattering
(also from lepton-pair & W-boson production in hadronic collisions)

—> determined over large range of x and Q°

rf(z,Q3) = Nx“(1 —2)° (1 + ey/x + na)

B Provide basic information on structure of QCD
bound states

B Needed to understand backgrounds in searches for
physics beyond the Standard Model in high-energy colliders
e.g. the LHC

— (” evolution feeds low x, high O from high x, low Q*
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Parton distribution functions (PDFs)

B Most direct connection between quark distributions
and models of nucleon structure is via valence quarks

—> most cleanly revealed at x > 0.4

0.6 ;—————————most u quarks carry ~ 20% of
! N

proton’s momentum at @ = 10 GeV?

0.4 i

xf(x0)

0.2 h

structure of hadron
or structure of probe?!

SURSERS
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PDFs at large x

B At large x, valence u and d distributions extracted
from p and n structure functions

4 1
5 gzcu + 9:{;
4 1
' = §xdv+§:€uv

B u quark distribution well determined from proton data

B d quark distribution requires neutron structure function

. d_A-Fy/F

- Y

u AR /FP —1
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PDFs at large x

B Ratio of d to u quark distributions particularly sensitive
to nonperturbative quark-gluon dynamics in nucleon

e d/u—1/2 SU(6) symmetry
o d/u—0 S =0 gq dominance

e d/u—1/5 §,=0 gq dominance (pQCD-inspired)

2 /,2 _
e d/u— L/ 1y — 1 local quark-hadron duality*
4 —pz Pz (pp.n magnetic moments)

~ (.42

*structure function at x—1 given by
elastic form factor at Q% — o
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Neutron structure

B Absence of free neutron targets
—> deuterium (weakly bound state of p and n) used instead
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1.0 Arrington, Rubin, WM
PRL 108, 252001 (2012)

—> deuteron model dependence obscures free neutron

structure information at large x
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Neutron structure

B BONuS: slow spectator tagging
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— neutron nearly on-shell o

— minimize rescattering

0

B Need for global analysis to
investigate these aspects of PDFs
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CJ global analysis of
spin-averaged PDFs

A.Accardi, J. Owens, WM
E. Christy, C. Keppel, P. Monaghan

“CJ12” PDFs: PRD 87,094012 (2013)
http://www.jlab.org/CJ
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B Next-to-leading order (NLO) analysis of expanded set
of proton and deuterium data (no heavy nuclei)

—> include large-x, low-Q? region

m Systematically study effects of Q* & W cuts
— aslowas Q~m_ and W~ 1.7 GeV

B Include subleading 1/Q* corrections
—> target mass corrections & dynamical higher twists

B Correct for nuclear effects in deuteron (binding + off-shell)
—> most global analyses assume free nucleons

18



X2

. CJ database Experiment Ref. # points | CJ12min CJ12mid CJ12max

DIS Fa BCDMS (p) a3 351 434 438 437

BCDMS (d) a3 254 294 207 302

NMC (p) 04 27 434 432 430

NMC (d/p) s 189 179 177 182

SLAC (p) [16) 565 456 455 456

SLAC (d) 6 a2 394 388 396

JLab (p) a7 136 170 169 170

JLab (d) ug 138 124 125 126

DIS o HERA (NCe™) (18 145 117 117 118

HERA (NCe%) 18] 384 595 596 596

HERA (CCe-) (18 34 19 19 19

HERA (CCe®) 18 34 32 42 32

Drell-Yan E8E6 (p) 19 184 220 221 221

E866 (d) g 191 297 307 306

W asymmetry CDF 1998 (£)  [20] 11 e | 16 18

CDF 2005 (¢) [2) 11 11 1 10

DO 2008 (6) 22 10 4 1 1

DO 2008 (¢)  [23 12 40 35 34

CDF 2009 (W) [24 13 20 25 41

Z mapidity  CDF (Z) 23] 28 29 27 27

. DO () [26] 28 16 16 16

~ 4 ,OOO data POl Nnts jet CDF run 1 R 33 52 52 52
CDF run 2 28] 72 14 14 14

over Iarge range DO run 1 [2a] 90 21 20 19
DO run 2 3 90 19 19 20

Of X and Q2 y+jet DO 1 By 16 B f B
DO 2 By 16 13 13 12

DO 3 By 12 17 17 17

DO 4 31 12 17 16 17
TOTAL 3958 4059 4055 4096

TOTAL = norm 4075 4074 4117




Kinematic cuts

105 | | | | | | | | | | | | | | | | | ?
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cutd: Q% >4 GeV?, W? > 12.25 GeV?

—>» factor 2 increase in DIS data from cut0) — cut3

compared to most global

analyses
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Kinematic cuts

Larger database with weaker cuts leads to significantly
reduced errors, especially at large x
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—> up to 40-60% error reduction when cuts
extended into resonance region



Kinematic cuts

B Fits stable with respect to Q” and W cut reduction,
as long as subleading 1/Q* corrections included

1.5

0.5

lllllllll

lllllllll

d/d

ref

Q=10 GeV?

|

llll!llll

lllllllll

—> d quark suppressed

by ~ 50% for x > 0.5

(driven by nuclear
corrections)
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Finite-Q” corrections
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Accardi et al., PRD 81, 034016 (2010)

—> interplay between TMCs and higher twist

— stable LT when both TMCs and HTs included

—> growing importance of HTs as large x
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Nuclear corrections

B Nuclear structure function at x > 0 dominated by
incoherent scattering from individual nucleons

=p+n
7*
F(0.Q%) = [ dy f(y7) B (w/y.Q"
ff) ~d
N / + sy
nucleon momentum /
d distribution in d off-shell
(“smearing function”) correction

—> Y = light-cone momentum fraction of d carried by N

—> at finite Q% smearing function depends also on parameter
v = ldl/qo = 1+ 4M?22/Q?
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Nuclear corrections

B Smearing function in the deuteron computed in
“weak binding approximation” — expand in powers of 5%/M?

d>p €+ Vp-
fly,v) = / (27)? Wd(p)ﬁ 5(y —1 - i ) ’(pd(p) = d\iVQave function
1 72 -1 2 - R
X?[“r 2 <1+M+2M2(1_3p2)>} YV

1 B 1 B 1

- == WJC-1
Paris

- — = CD-Bonn

v=1

VOA))

—> effectively more smearing for larger x and lower Q°

—> greater wave function dependence at large y (— large x)
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d/ u
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0.2

Nuclear corrections

o~ CI1omin K | @ flexible parametrization
— CJ12mid ] for x — 1 behavior
——= CJ12max

d = d+ az’u

e allows finite, nonzero

x =1 limit
0" = 100 GeV’ A/ = 022
100GV | +0.20 (PDF)
0 0.2 0.4 . 0.6 0.8 L + 0.10 (nucl)

Owens, Accardi WM
PRD 87, 094012 (2013)

X CJ12min: WJC-1 + mild off-shell (0.3% nucleon swelling)
CJ12mid: AV18 + medium off-shell (1.2% swelling)
CJ12max: CD-Bonn + large off-shell (2.1% swelling)
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Quasi-elastic ed scattering

B Smearing functions can be tested in quasi-elastic (QE)
electron—deuteron scattering

do/dE’dQ2 (nb/sr/GeV)
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Ethier, Doshi, Malace, WM
arXiv:1402.3910
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Quasi-elastic ed scattering

B Smearing functions can be tested in quasi-elastic (QE)

do/dE’dQ2 (nb/sr/GeV)

electron—deuteron scattering
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------ WJC1 e Bj lim/2 ® Lung (1992)
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Quasi-elastic ed scattering

B Smearing functions can be tested in quasi-elastic (QE)
electron—deuteron scattering

Paris - - CDBonn
------ WJC1 ® Schutz (1977)
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Quasi-elastic ed scattering

B Smearing functions can be tested in quasi-elastic (QE)
electron—deuteron scattering

do/dE’dQ2 (nb/sr/GeV)
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— importance of
correct O* dependence

in f(y,7)

— strong sensitivity
to d win.at = > 1

— excellent agreement
with data near QE peak
(~ 2,000 data points)

Ethier, Doshi, Malace, WM
arXiv:1402.3910
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Comparison with other PDFs fits

1.3 T T T T T T L T
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—> increase in PDF error from more realistic
treatment of nuclear corrections

—> reduction of error from larger database



Implications for colliders

lepton pair production
in pp collisions
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Implications for colliders

B Large-x PDF uncertainties affect observables at large
rapidity Yy, with

1 E +p. M
yz—ln( +p> - 513‘12:—€iy
E—p, ’

2 V3

e.g. W* asymmetry

Ow+ — Ow-—
A —
W(y) Ow+ + Ow-—

_ d(@2)/u(xz) — d(z1)/ulz1)

T d(wa) fu(ze) + d(z1) /uz) o>l
where
o TG r -
oW+ = j—y(pp —WTX) = 23\/§ L1202 (U(xl)d($2) + - )
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Implications for colliders

rapidity Yy, with

2 E — Pz
+
e.g. W= asymmetry
1 — T T " T T T ] 1
S CJ (max nuclear) i
08 | —— CJ (min nuclear) i 038
- LHC ]
= [ pp, Vs=T7TeV e
= 04 - 0.4
/"/‘
02 | o 0.2
o — . 0
0 1 2
Yw
sensitive to
d at high x

B Large-x PDF uncertainties affect observables at large

Brady, Accardi, WM, Owens
JHEP 1206, 019 (2012)
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Implications for colliders

B Uncertainty in d-quark feeds into larger uncertainty
in gluon at high x (relevant for LHC physics)

heavy W'~ production

1 T 1 | ] : 1 T 7 | )
L6 L //2 //_ My, =1TeV.7 0.75 TeV.s 0.5 Te\/’xﬁ > 100% uncerta”]t)/
TeV.: r fl .
/ ‘ i i i ol
3 3Tev, 1TeV, P (/ at large y !
N— 1.2 f /" — ”/// il eI //
e G T
Dost | = il
[ s h \‘ \\ \..
= A A . \"\
D 0'4 | \\ “\\ N T “~ ..\. Brady et‘ al
| LHC| ~._ || Tevatron |- all '
. - - o s BN ~| JHEP 1206, 019 (2012)
0 1 1 1 1 1
0 04 0.8 1.2 1.6 0
Yw’

dominated by d * u

| . L L
04 0.8 1.2
Yw’

dominated by d x u + u * d

—> observation of new physics signals requires accurate
determination of QCD backgrounds — depend on PDFs!
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JLab 12 GeV plans

B Several planned experiments at JLab with 12 GeV will
measure d/u to x ~ 0.85 with minimal nuclear corrections

—> SIDIS from D with slow backward proton (“BoNuS”);
inclusive He / 3H ratio; and PVDIS from proton

]_ T 1 | T 1 | L | L | (L I_
CJ11 .

0.8 PDF uncertainty O
i X nuclear uncertainty ]

n ® JLab projected _

0.6 - 1 su
20 1.2 390
o) — i

0.4

B helicity

O 2 __ __/ conserv.

B ] scalar
0 ENENE RN B R B 4~ diquark
9) 02 04 06 0.8 1

X
Accardi et al., PRD 84, 014008 (2011)
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Spin-dependent PDFs

P. Jimenez-Delgado, A. Accardi, WM
H. Avakian, B. Sawatzky, ...

“JAM” PDFs: arXiv:1310.3734, to appear PRD (2014)
http://www.jlab.org/JAM
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Nucleon spin structure
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—> fewer data cf. unpolarised
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Nucleon spin structure

0
B Global PDF analyses 04t
03 F -0.05: b
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—> focus on small-x region o/ el N b
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Nucleon spin structure

B Recent RHIC pp data claimed to imply large gluon polarisation

'l L . "l""' L) L) l'l""
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|
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= DSSV extrapolation ]
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E / dz Ag(x) = 0.1070:06
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0.4 i
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0.2 : ' -
E forward rapidity E 500 GeV '
0 -ll A A A A AL AL AL l A A A A A AL L ll ArSChenauer (20]2)
10~ 10~ 10"

—> important to confirm claim through

independent global analysis




JAM database
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Q% >1 GeV?, W? > 3.5 GeV? I M .
LAC 13 ‘ "I :E :.: ‘ .:E '\‘

B Fit experimental asymmetries Y I
(longitudinal & transverse) rather - [
than derived g; and go Lo .
structure functions wcws p | 4 g

2) 2 | & ¢ wl
Jla :l. :'lc .{
several high-statistics o2
experiments still W w2
b P \ A e 2 |
eing analysed b e v



http://www.jlab.org/JAM
http://www.jlab.org/JAM

JAM database

B Complete collection of
world’s inclusive polarised
DIS data (interactive database
at http://www.jlab.org/IAM)

Q? > 1 GeV?, W? > 3.5 GeV?

B Fit experimental asymmetries
(longitudinal & transverse) rather
than derived g1 and g-
structure functions
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JAM PDFs
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—> significantly larger Ad at =z 2 0.3

—> greatest effect on polarised PDFs from

higher twist corrections
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JAM PDFs
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—> important 7=3 contributions to proton gi, g2
and 7 =4 contributions to neutron g¢;



JAM PDFs

1.1

- (b) AdT/ AdT(GAM) |

1 '{:'_‘;‘_""""'"'""""""_':_-::’_: e
- 0%*=2,W? =35 (LT+HT)

09 | =L W= 09 | ]
- 0= 1, W =3 (LT+HT)

------ 0% =1, W = 4 (LT+HT)
08 | o Q221,W226.25(LTonly) ' oosl T .
02 03 04 05 06 07 02 03 04 05 06 07
X X

—> PDFs relatively stable w.r.t. cuts in Q°and W
(50% of all data points in Q%< 2 GeV?region)

—> significant reduction in Ad with strong W cut
(to avoid HT corrections) — cf. “NNPDF” analysis



PDFs at large x

B Ratio of polarised to unpolarised PDFs even more sensitive
to nonperturbative quark-gluon dynamics in nucleon

¢ Au/u—2/3 SU(6) symmetry
Ad/d — —1/3
o Au/u—1
§ =0 gg dominance
Ad/d — —1/3
o Auju —1 §,=0 ggq dominance (pQCD)

Ad/d — 1 or local duality
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PDFs at large x
B Current data cannot discriminate between different

r — 1 behaviours

B Impose x — 1 pQCD constraint on PDFs “by hand”
—> “JAM+” fit

l — 0l —
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Orbital angular momentum

B Earlier analysis suggested need for additional nonzero
OAM (L,= 1) component in nucleon wave function

RS

0000

—
>

>
—

—> leading (l—x)3 behaviour from L,=0 component

Q000

—> L,=1 gives additional log?Z(1-x) enhancement of q¢

2
¢~ (1—a) log(1 - x)
Avakian, Brodsky, Deur, Yuan
PRL 99, 082001 (2007)
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Orbital angular momentum

B Earlier analysis suggested need for additional nonzero
OAM (L,= 1) component in nucleon wave function

1

o 1=
S o8| ‘ | L.SS98
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Avakian, Brodsky, Deur, Yuan
PRL 99, 082001 (2007)
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Orbital angular momentum

B Earlier analysis suggested need for additional nonzero
OAM (L,= 1) component in nucleon wave function

1

o 1=
S o8| ‘ | L.SS98
0.6 ;
g.: : | with log?(1-x) term
0l

-0.2 |

______

0.4 |

- ASLAC
06 ® HERMES .
0.8 [ Y Hall-A «——— [.O extraction

i B CLAS |

_1 L1 ‘ L1l ‘ Ll 1 ‘ Ll 1 ‘ I - ‘ Ll 1 ‘ I ‘ I ‘ L1 Ll 1

01 02 03 04 05 06 0.7 08 09 1
X

—> L,=1term needed to delay Ad turnover until larger x

Avakian, Brodsky, Deur, Yuan
PRL 99, 082001 (2007)
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Orbital angular momentum

B Global JAM & JAM+ fits can accommodate data

without need for additional L,=1 terms
05 ——

03¢
0.2
0.1

N
0.1 F N
020 ™

04

- JAM ——
SIMP

12

0.8 |

“OAM” and “OAM+” fits use
tAf = Nz*(1 —2)” + N'z%(1 — 2)° log*(1 — z)

can also accommodate data, with similar overall y*
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B Several upcoming experiments at |

JLab 12 GeV p

A1(p,d,*He) up to x ~ 0.8

A
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| ab will measure

o
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3 o
p @ A
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| ) | |
0 0.25 0.5 0.75 1
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JLab 12 GeV p

Several upcoming experiments at |
A1(p,d,*He) up to x ~ 0.8
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—> will significantly reduce PDF uncertainties at large x
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Outlook

B Ongoing “CJ14” analysis includes new cross section data
from JLab & collider experiments

—> allow for different HTs for F,, F, & isospin dependence
—> incorporate LHC (W, Z, jet production), PVDIS data

—> next release will include parametrisations of electroweak
structure functions (down to low Q?) in addition to PDFs

B Next phase of JAM analysis will study polarisation of
sea quarks and gluons

—> semi-inclusive DIS for flavour/antiflavour separation

—> polarised pp cross sections (inclusive jet & pion production)
sensitive to Ag
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