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Why (n)PDFs ?



?
Why (n ) P D FS ° Accardi — Mod.Phys.Lett. A28 (2013) 35
Forte and Watt — Ann.Rev.Nucl.Part.Sci. 63 (2013) 291

NNPDF PDFs, Ratio to NNPDF2.3, o, = 0.118

) High-energy (large to small x)

— Beyond the Standard Model searches

— A.DeRoeck [pl
— NuTeV weak mixing angle clocckipl]

LHC 14 TeV

£102; 1034
M x

— Precision (Higgs) physics — P.Meade, F.Siegert [pl]

— Small-x and gluonic “matter” — T.Lappi [pl]

] Hadron structure (large to medium x)

— Effects of confinement on valence quarks

— g — qbar asymmetries; isospin asymmetry
T — C.Keppel | ~ i
— Strangeness, intrinsic charm S AN
— T.Hobbs, F.Lyonnet i \W
) Nuclear Physics = [ O
— Bound nucleons, EMC effect, SRC — N.Fomin 12—
- Qo :}B[: xh 4
— p+A and A+A collisions at RHIC / LHC 5 $:+
. . "“h' o f |
— Color propagation in nuclear matter o . ST
.. JLabE03-103
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A PDF landscape

Pert. order

A “Do we need N3LO parton distributions?”
_— —>Forteetal, PLB 731 (2014)
NLO| « \ 4
N~ Plenty of
opportunities

ERAPDF
QED L @ NLO )
corrections

@I
NNLO

Resum-
mation(s) «
A
NLO CTEQ-JLab Theory input
(roughly x)
<>
On the way to LT NUCL TMC/HT RESUM Quark-hadron
“1% precision”| ~ theory uncertainties duality

(scale, as, HQ scheme, masses...) — Petriello, Forte, Siegert [pl]
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A nPDF landscape

Atomic number

A
100 F Much room
- £ -— for progress!
i o
- E
en
- =
)
N,
10 F
a AB(K)M / JR Theory input
CTEQ-JLab (roughly x)
1 >
LT NUCL TMC/HT RESUM x> 1, SRC,
exotica
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Needs the betrothal of HEP and NUCL

] A global approach across subfields

PDFs
Y N

Nuclear HEP
data data

pQ‘C}« pQCD 4
Hadron structure
Global @dlum@ Global

QCD fits pQCD QCD fits

=

Nuclear, hadron

theory
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Proton PDFs



Data coverage
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Data coverage
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Data coverage
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DIS — prot. & deut.
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DIS data
o & SLAC
o X mes standard cut
E O HERA NC
f o e W2 > 14 GeV?

CJ12
W2 >3 GeV?

DIS 2015

-C12

Niculescu [WG1]

11




Large-x, small-Q? corrections

] 1/Q?" suppressed:

. . . \
— Higher-twists (non-pert. parton correlations) Under control
— in practice, fitted to low-Q?DIS data |  (extracted “HT”include
) residual power corrections)
— Target mass corrections ) Accardi et al. 2010

Alekhin et al. 2004-
— Heavy quark masses — hot debates, see (some) in WGI1+5

— Current jet invariant mass, ...

] Non-suppressed
— Nuclear corrections or deuteron targets — Melnitchouk [WG1]: Thorne [WGI]
— Threshold resummation — calculations available

) Flexible d-quark parametrization

— Need to allow d/u — finite, as x — 1
(as required in theoretical models)

- eg. d'(z)=d(z)+ az’u(x) [usedinCI12, analogous one in CT14]

alternative approach — Liuti [WGI]

accardi@jlab.org DIS 2015 12



Global fits overview

See parallel talks in WGI

HERA
JLab |l Teva\t/r\;)g LHC di-p g _HT Flex clos
}@W' Wichmann NEW WV, - TMC d LlrE
'/ 'HERAPDF2.0 v &
' '« — Myronenko, Brandt
W
T4 vy v/ v
T MMHT 14 st vV
S\D — Thorne
WEW
“7"NNPDF3.0 v v v
— Deans
[ GJR14 ] v v v v v
CJ12* (- CJ15) v (V) (V) X v v v
— Melnitchouk
ABM12 ** N

*NLO only ** No jetdata *but see 1503.05221 ™ no reconstructed W
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Deuteron corrections

1 No free neutron — use deuteron

) CJ: Nuclear modeling
v’ Connects to underlying nuclear theory
v Can reject models — verify assumptions
v Cross check with other processes

e DY(p+d), *He, polarized DIS, ...
X Continuous vs. discrete parameters Low-energy factorization issues

Renorm. of nucl. operators, gauge inv., FSI, ...

) MMHT: parametrize D/(p+n) ratio
v" Nuclear uncertainty straightforward
v" No “model bias” (beside parametrization)
X Limited nuclear physics output
X May be missing non-negligible Q? dependence
X Needs one parametrization per process

N1+ a1 In®(z, /)] = <,
ML+ as (a2

+az3In*(x,/2)] x>,

accardi@jlab.org DIS 2015 14



Deuteron corrections

J The 2 complementray strategies agree
— Can use reliably, extend to lower W?

1.04
1.02
| e
0.98 |
— MMHT14 NLO K iy
0.96 -- - CJ12, Q* = 6400 GeV? b
—ome CJ12 min., Q% = 6400 GeV*
——— CJ12 max., Q* = 6400 GeV?
0.94

0.01 0.1 1

MMHTI4, arXiv:1410.3989

J Nucl / HEP symbiosis:

Reduced PDF uncertainty

1.5

with SLAC/JLab data
(69/Q)yas3 gew/ (69/ Qw125 geve

05 |

<

1.5

1

0.5

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
X

d-quark suppression

d /d. — — cut0O+TMC+HT

ref — — - cutD+nue :
cut0O+nuc+TMC+HT

Q2=10 GeV?

&
1111

0O 02 04 06 0.8
X

[—v

CJ12 — MPLA 28 (2013)

CJ10— PRDSI (2010)

— Wand Z — constrain d-quark — constrain deuteron corrections

— Abundant DIS deuteron data — precise u/d flavor separation
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Use protons to study nuclei (!) o Mod.Phys.Lett. A28(2013)35

. Brady, A.A., Melnitchouk, Owens, JHEP 1206 (2012) 019
] Directly reconstructed W:

— highest sensitivity to large x |
| g y to larg p <
| —— CDF IData | ¥ D (p) 2y 1’
0.8 = Tevatron /\’
06 L CJ11 nuclear uncertainty F{z’m_ y ( ) d/u(azz) _ d/u(azl)
L /.-',". "': W y %
04 - _ET \_ d/u(x2) + d/u(x1)
R .--*Fﬂ i 4
0.2 | ;.‘-—I"I
el ol e .
e \ sensitive to Can constrain
—»
! ‘ ’ * | dathighx Deuteron models!
Yw
1 New precise D@ data: g T e
= [ oz L peertt
— W; also W= [+V and Z (but less sensitive) go.s} -
J And also: S S s
— W, Zat RHIC/ LHC (wG1], Wjet at LHCb, UE e
— BONUS [wG1], MARATHON , PVDIS [wG3+7] at Jlab 6/12 o~ = i,

Qi
v e by oy e by Ly | |

. 225 . 3
W boson rapidity (Iywl)

— CC, e*/e” @HERA [wa1] (limited x reach); EIC/LHeC (wG7]®
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And nuclei to study protons

] For example d/u ratio at large x

Owens, Accardi, Melnitchouk, PRD87 (2013)

1 T T T T T T

== CJ12min (a)
—— CJ12mid

08 - —— CJ12max

06 Nuclear uncertainty

d/u

04

L 0% =100 GeV*

0 " 1 " 1
0 0.2 0.4

“PDF” un

Non-perturbative
proton models

<+— SU(6) spin-flavor

<+— hard gluon exchange

<— S=0diquark dominance

certainty

accardi@jlab.org DIS 2015
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d/u

And nuclei to study protons

] For example d/u ratio at large x

Owens, Accardi, Melnitchouk, PRD87 (2013)

1 v 1 v 1 T T .
_ ~ CJ12min (@) Non-perturbative
08 f — CJi2mid proton models
——= CJ12max
<06 Nuclear uncertainty )
3 <+— SU(6) spin-flavor
04}
02k <+— hard gluon exchange
L 0% =100 GeV*
0O <+— S=0diquark dominance

“PDF” uncertainty

) New data, new theory — stronger constraints:

PRELIMINARY; Q=10 GeV

1 DL L B B CT14 NNLO candidates (blue and red); CJ12 (green)
\ wWJC2 ] 1.0F T T T T 3 .
0.8 W\ CDEONN. ] Blue: CT14 NNLO prel. | N© nucl. corrections
AN CJ15 - il Green: CJ12NLO | CT14 maybe
0.6 = 7 sue 3 oo overestimating
. . 5 d/u at large x
0.4 | = 2 04
B ] helicity hd
02 £ conserv. 02
B Q*=10 Gev® scalar
0 o Io{zl I 0‘4 I .0‘6 I .0.8 11/ amari 0'8.0 0:2 0:4 0:6 0.8 1.0
X — Melnitchouk [WG1] x — Nadolsky [WG1]
accardi@jlab.org DIS 2015 18



Threshold resummation - the new frontier

—— RESU+TMC+HT
e JLab (E94-110)

) DIS:  Accardi, Anderle, Ringer — arXiv:1411.3649 | gy
— Can be combined with TMC : S R
w/o threshold problems | ey
— Large corrections, will affect PDFs é . W%.T
. E@: | Q" =15 GeV?
) Drell-Yan  Alekhin et al., PRD74 (2006) oL /
— At NNLO, tension with DIS, vector bosons 25 |
— Resummation effects are large s ) //
e Need to be evaluated o5

_l Direct photons

— Resummation allows use in global fits
— 10% reduction in large-x gluon errors

accardi@jlab.org

— Sato [WG1]

DIS 2015

E 1.5 _ reweighted

S

8
10 b —
Q

Sos
- CT10nlo Glue @ Q=10GeV

1.05
B LD P

& 0.9 ‘/

0.0 01 0.2 03 04 05 0.6 0.7 0.8

19



Interlude:
strangeness fits



Strangeness and strangeness asymmetry

sT(x) = s(x) + 5(x) [sF] = /0 dx x s (x)

J In pre-LHC fits, mostly constrained by v+A data

"
— CCFR inclusive DIS ¢ /

W .
— NuTeV muon pair production ‘ W,<

— NOMAD and CHORUS /T\

accardi@jlab.org DIS 2015
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Strangeness and strangeness asymmetry

sT(x) = s(x) + 5(x) [sF] = /0 dx x s (x)

J In pre-LHC fits, mostly constrained by v+A data

.
— CCFRinclusive DIS V,u/

W+
— NuTeV muon pair production lf‘f -
— NOMAD and CHORUS / /% \
" sd sd
S
— |

accardi@jlab.org DIS 2015
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Strangeness and strangeness asymmetry

sT(x) = s(x) + 5(x) [sF] = /0 dx x s (x)

J In pre-LHC fits, mostly constrained by v+A data

.
— CCFRinclusive DIS V,u/

\

W .
— NuTeV muon pair production P
— NOMAD and CHORUS >\
sd sd )
J Nuclear corrections again... A N

— Initial state nuclear wave-function mods

e Partly under control using nPDFs
e But: double counting!!

— Final state propagation of the charm quark / D meson

e Not under theoretical / phenomenological control
(cf. heavy quark “puzzle” in A+A at RHIC, LHC)

accardi@jlab.org DIS 2015
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Strange tensions

) v+A > dimuons vs.

p+p = W+c at LHC

p=3 GeV, n=3

< 3
oo [ - K
3 NuTeV/CCFR - NuTeV/CCFR + NOMAD ”

40 | o e

20 |- a T

o BEF=—————="r = =———= - }.\- .
-20 | . F

——— CHORUS + CMS
-1 [ - ABMIZ B - - CHORUS + CMS + ATLAS
———— NuTeV/CCFR + NOMAD + CHORUS
-60 | -
| L L | ‘ II|

] Kaons in e+p at HERMES
— But.. fragmentation functions

uncertainty

accardi@jlab.org

DIS 2015

Alekhin et al., arXiv:1404.6469

gsp, — We
FSI?

I/SA%,LL_,LL—FVMS

HERMES, PLB 666 (2008) 446
N
CTEQG6L
x(u(x)+d(x))

T'-—-.__ —

_____
-




Strangeness and strangeness asymmetry

 In my opinion: Don't use V+A data in proton PDF analysis!!

— Use neutrino data only for nPDFs
e combine with W/Z in p+A = nuclear strange
e fit proton's strange PDF with, say, LHC/RHIC W(+c), Z

— Anchor nPDFs to proton PDFs, use nuclear data:
e Detect deviations from free proton strangeness
e Wand Zfrom RHIC, LHC — fit IS nuclear strangeness

* Dimuonsin V+A — fit charm's FS “energy loss”
(rather than subsuming in proton's s-quark)

accardi@jlab.org DIS 2015
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Nuclear PDFs



From a slide by E. Ruiz Arriola
Binding of nucleon in nuclei

Binding energy

per nucleon Radius
Deuteron pn 1.1 MeV 2.14 fm
Triton pnn 2.8 MeV
Helium-4 ppnn 7.1 MeV 1.9 fm
AN
(Number of Neutrons)
S
% 7 ((F ”
. < tight and compact
O .
S ° — use for nPDF fits
% 5 || Li°
B . Type of g” 4
. Decay o
i Er-p'l' £ 3 H3
il | Wi E He? « ”
L. S 5 loosely bound
i . mNeutron 5 .l — effective neutron targets or PDF fits
1L | mStable Nuclide é 1
6 Unknown
| ) ; H!
. ‘ > 0
618 28 50 82 Z 0 30 60 90 120 150 180 210 240 270

(Number of Protons) Number of nucleons in nucleus
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Kinematic coverage of data

] Global dataset
— DIS; p+A—1*lI7; p+A — hadron,y
— Large choice of nuclei: A = 10-208

('\1; | T IIHHIl T \\IIIIIl T I\IIIII| T IIIIIII‘ T II\H[
O e Drell-Yan aun
O 100 £ . siacois T

o - = NMC & EMC DIS .:_h---llf
& - = PHENIX 7 7=0.0 sdgennp =

10 L EPS09 H R
1.0 £ ' 3
: .' ® BRAHMSh =22 i
0.1 & = = BRAHMS h =32 |
) E | \Il I,\\Illlll | I\IIIII| [ RN | II\H#

-5 -4 -3 -2 -1
10 10 10~ 10~ 10 1

T

accardi@jlab.org DIS 2015
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Kinematic coverage of data

] Global dataset
— DIS; p+A—1*lI7; p+A — hadron,y
— Large choice of nuclei: A = 10-208

C\]; B I IIHI\Il T \IIIII| T |\|||||| T ||||||I‘ T II\H[
] ® Drell-Yan -
© 100 £ . siacois =
o - = NMC & EMCDIS IE
& - = PHENIX 7 7=0.0 e 2 2
~ EPS09 Ll — W< =12.5GeV
10 §_ _-g ............... W2 — 35G€V2
1.0 = . Y
N .' ® BRAHMSh =22 i . v
01L = = BRAHMSh 7=32 _ ,;;;; res
) E | \Il | ,\\Illlll I 1 \|||||| |1 |||||I‘ 11 I\H# A *;*:*a*it;‘;ig‘*‘“
5 4 3 2 1 Yvo v ey .
10 10 10~ 10~ 10 1  EMC
, “ Jlab12  °NMC
x - BCDMS
v SLAC
Much data from JLab & soon JLab 12: . . JLab

— wide A range; LT separation

_)
— low @2, large x (alsox>1
Q* larg ( ) Plot by S.Malace

accardi@jlab.org DIS 2015

| © JLab 12 GeV: E12-14-002+ HERMES

S.Malace 0 010203 04050607 08 09 1
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Nuclear partons - 2 approaches

J Global fits of nuclear PDFs
— Partons belong to the whole nucleus
— Assume collinear factorization holds, fit the nPDFs
— Easy to extend to any hard scattering observable

— nCTEQ, EPS, DSSZ, HKN

] Modeling of nuclear dynamics
— Nuclear PDFs as convolution of
e bound nucleons dynamics
e Nucleon PDFs

—  “Kulagin-Petti” model — SKulagin, R Peti
(similar to CJ for deuteron)

accardi@jlab.org DIS 2015
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Global nuclear fits overview

See parallel talks in WGI

DY RHIC LHC Native PDF Hess.
VA
FonlFas F O)Jog T mly NLO' ppFs  Ratios errors
nCTEQ15 v v v v v v
— Kovarik
EPS09 ' v v v seetalk v v v
— Helenius
DSSZ ('12) v v v v v v v
HKNO7 v v v v v

A\ J
Y

Need Frag. Fns.

] To keep in mind:

— How well are p FFs known? g - Ttseems to hard ¢f. LHC data

— IS quark energy loss in DY, FS effects in p+A d'Enterria et al. NPB 883 (2014)

Accardi et al., Riv.Nuovo Cim. 32 (2010)
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Multiplicative vs. Native parametrization

] Multiplicative nuclear correction factor
ff(xﬁa Q5) = Ri(zn, Qo, A, Z)fz‘(ﬂ?NﬁQg)r
/
bound parton density free parton density

Hirai, Kumano, Nagai [PRC76(2007)065207] arXiv: 0709.0338
Eskola, Paukkunen, Salgado [JHEP0904(2009)065] arXiv: 0902.4154
de Florian, Sassot, Stratmann, Zurita [PRD85(2012)074028]arXiv: 1112.6324

Parametrize and fit, e.q.,

Rt[.L,AZ) =1+

(1 ~ L ) a; + b;x + c;x? + dyx®
(HKNO7)

(1 — x)f

(i

(DSSZ and EPS09 have more complex parametrizations)

accardi@jlab.org DIS 2015 32



Multiplicative vs. Native parametrization

! Native nuclear PDF

A bt T ks IS R ey g%) e e )

bound parton densiJrY free parton densd'y
nCTEQ [PRD80(2009)094004] arXiv: 0907.2357

) Select existing proton PDF set; make parametrization A dependent

2 (@, Qo) = coa (1 — 2)2e7(1 + %)

. CTEQ®6.1
ek — ck(A) = cro + ek (1 — A™%2)

] Advantages:
— Can verify scaling for light nuclei (A=2,3) vs., say, CTEQ-JLab PDFs
— Can be generalized study “superfast partons” at x> 1

accardi@jlab.org DIS 2015
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Neutral vs. Charged Currents

J nCTEQ: NuTeV VA data cannot be simultaneously fitted with eA + DY
Kovarik et al., PRL 106 (2011)

£ 0851

=) E
Z 090F

] EPS, DSSZ disagree

— But role of NuTeV data statistically less relevant in their analysis

Paukkunen, Salgado, PRLI110 (2013)
Paukkunen, NPA926 (2014)

] New data from NOMAD, MINERVA
— Can these help out?

accardi@jlab.org DIS 2015

34



EMC effect vs. Short-range Correlations

. EMC effect: quark nuclear modifications, a puzzle since 30+ years
— revitalized by recent Jefferson Lab experiments

1.15 ' ' 6

3Ha
V e © G -t

£
X

|

s
hy
. .
T,

&

5 C12g .
L ‘ 1 bt 0 ® &

i, ot e g - .-l-
0.85 , A o ; s . ; |l ]
02 04 06 08 02 0.6 1 1.4 / 1.8 08 12 16 1.9
Xg Xg Xg

Quasi-Elastic NN short-range interaction:
EMC effect scattering ~ High-momentum nucleons
Fermi motion

o i

(oa/AY(5p/2)
g e

- AtJLab 12 GeV, SRC will be in DIS regime:
— A new exciting arena for nPDFs!

accardi@jlab.org DIS 2015
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EMC effect vs. Short-Range Correlations

1 EMC effect: revitalized by recent Jefferson Lab experiments:

[ ] T T T T
L 1
. . “« -7 3] 1 &
— Light ion “outlier S 030} Be § § e
5 025 _-
© oz0f E ’
. . 7 ) = : He
— Correlation with “scaling” at x > 1 = o
S o010}
N 005 | Eaﬂe
115 fa 3 6 | e % o0 Lot ; ' ' :
1 2 '; 000 002 004 006 008 010
T, z 3} . ‘ Effective Nuclear Density [fm %]
< 085 & o I
Hh Ila %Be I 6 \ “Be
g 1 e — 3 _ g vt
<oss| o "
<115 | ' |—0—‘—: -
) 126 6 F12c =
1 e -
i, 3t
0.85 b

L L - P | TETETE TR T ETEY 2 . i
0.2 04 06 08 0 1 2 3 08 12 16 1.9
a,(A/d)
XB XB

SRC push nucleons to high momentum

J At JLab 12 GeV, SRC will be in DIS regime:
— A new exciting arena for nPDFs!
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Conclusions



Conclusions

PDFs and pQCD theory on the way to “1% precision”
at medium/small x

— New data from LHC; quantification of “theory errors”

Entering a new precision era in large-x PDFs
— New data (now and in the future), new fitting approaches
— Conguering nuclear corrections
— Time for threshold resummation

High-energy and nucl. physics need to work together!

PDFs

— Progress in hadron / nuclear structure A

\_ data /’ \_ data

— Precision PDFs for BSM searches Tt o, D o T

Hadron structu re>

- Inmedlumq&g S —
Oba

ijCD QCD fits

Global

Next step: the betrothal of PDFs and nPDFs!

“Nuclear, had ron
\_  theory

P.S. other betrothals also possible: PDFs+pol PDFs; (n)PDF + FF;

accardi@jlab.org DIS 2015 38



Appendix:
Very large x
at Tevatron and LHC



W charge asymmetry at Tevatron
Brady, Accardi, Melnitchouk, Owens, JHEP 1206 (2012) 019

Directly reconstructed W: From decay lepton W — 1+v:
» highest sensitivity to large x > smearing in x
O.4 T T
: i . ' CDF IData ' ' ' , Tevatron |
0.8 - Tevatron x;’-- 0.2
0.6 0
0.4 | g 02}
Pl
0.2 | ;.‘—-I'"Ih 04 I — DO Data
*__pﬂ'""‘ ' ~we CJ (max nuclear) \
0 - I . | ——— CJ (min nuclear) * '
0.6 - ' - ' -
0 I 2 0 | 5 3
Yw n
sensitive to Can constrain
—
d at high x Nuclear models!

J Too little large-x sensitivity in lepton asymmetry:
— need reconstructed W
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W charge asymmetry at LHC

Brady, Accardi, Melnitchouk, Owens, JHEP 1206 (2012) 019

Directly reconstructed W: From decay lepton W — 1+v:
» highest sensitivity to large x » smearing in x
. T " T 1 0.6 ' T oF (e anclenr
= - - CJ (max nuclear)
I F L LHC ]
CJ (mf]x nuclear) S 04 L —— CJ (min nuclear) |
0.8 f == CJ (min nuclear) Al ol
r LHC Al 02 f
0.6 | Al S o
/;'{:" < 0
04 '_A:" —
',..-*" . -0.2
#-,f
0.2 | - —
..---"""#"# | 04 +
0 B _.. | ] | |
-0.6
0 ! 2 3 4 0 1 2 3 4
y
W M

! Would be nice to reconstruct W at LHCb

— Definitely needs more statistics

— Is it at all possible?? (too many holes in detector?)
— Systematics in W reconstruction?

— What about RHIC, AFTER@LHC?
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Z rapidity distribution

Brady, Accardi, Melnitchouk, Owens, JHEP 1206 (2012) 019

~ LHCb
| — TT+11 ﬁ:\\ 1 ™ T T T
A . Tevatron ;
e 11+ Fi
7’ ] — & CDEF rel. stat. err. 3
Ly i 1
u _ -
& 1]..- .
N Sizsand et
° h |
3 \
© o9tk Al o
| CJ (max nucl aic) '
-—-—- CJ (min nuclear)
U-E I 4 I II I | + I ﬂg L d 1 ] 1
0 1 2 3 4 0 ) 5 \
Yz Nucl. Uncert. Yz

) Direct Z reconstruction is unambiguous in principle, but:
— Needs better than 5-10% precision at large rapidity
— Experimentally achievable?
e At LHCb? RHIC? AFTER@LHC?
e Was full data set used at Tevatron?
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Xp>

W+c at LHCD

S.Farry and R.Gauld, Benasque workshop, Feb 2015

pp—=Wo = (¥s = 14 TeV) 7
—— CJ12min .
NLO aMCatNLO + PYTHIAR

2 _
CJ12max %(Mx}-ﬂ.llﬁ

0.4 —4— LHCb Stat. Uncertainty - 5.0 b Py >20GeV. 2< nnj) <4.5

0.3

02

0.1

[ pJ1 >80 GeV]

-0.1 A
2 2.5 3 3.5 4 4.5
n
= x —r———————7———— —
L ppoWhj—pivj (Vs = 14 TeV) - v
045 NLo amcaNLO + PYTHIAS - .
- NNPDF 3.0, o (M) =0.118 ]
0.4~ p">20GeV. 2< nij) <45 —— 3
C —_—— 3
035 -
- —— -
0.3 —— =
N —_— 3
0.25F— —
: 1 1 1 1 :
2 2.5 3 3.5 4 4.5
n
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Appendix:
Nuclear corrections



CJ12 Deuteron corrections

] No free neutron! Best proxy: Deuteron
— Parton distributions (to be fitted)

— nuclear wave function (AV18, CD-Bonn, WIC], ...)
— Off-shell nucleon modification (model dependent)

dy Saly,v)Fy M (2p/y, Q%) (1 +

1.2 IIII|'I['II]I'IIII'II'\I}I'\l'\l'\\'\\ T

Faq(xp,Q°) :/

F2/(Fg+F3)

Strong Q’ dependence at large x !

A

T B

Q2=3 Geve

L ——- Q%<6 Gev

| - Q=12 Ceve
-~ Q2=20 GeV?

| ——— Q2=50 Gev?

------- - Q%*=100 Geve

r Paris w.f.

| CTEQ8X PDFs

,_.
-
|

Xp

accardi@jlab.org

0.10.2030405060.7080.9 1\

1.1

binding
DIS 2015

1I§50und vs. free proton+neutron
. T T T T T T T T

Theoretical
uncertainty

5OffF2(ZE)
Iy (x) )

[~ CJ12min
[ —— CI12mid
L. ——— CJ12max

!

Fermi motion
off-shellness 45



Nuclear corrections for p+d DY
Ehlers, AA, Brady, Melnitchouk, PRD90 (2014)

AT Ld
pN § .
{T (.I/p:, T)
]

) Same nuclear model for DY cross sections

af td z

G—P

_|_f (off) ( )5{].}?&’(1_,}” E)

Z

Same as in DIS
(in Bj. limit)

) Off-shell model extended to sea quarks and gluons
— Spectral function in suitable spectator model

}JEI]H.X
a(z,p%) /du* / (]‘I}ED Ve B %)

) Pion-cloud effects also studied Kamano, Lee, PRD86 (2012)
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Nuclear corrections...
Ehlers, AA, Brady, Melnitchouk, PRD90 (2014)
1.2 T | T | ' |

1.1

%:b |

[\ .

< [ free nucleon Red b.and'

“0 09 —-_ smearing combined wave fn.

& off-shell model
n uncertainty

—— smearing + off-shell

L | L | 1 1
075 0.1 0.2 0.3 0.4

1 Off-shell corrections help makes dbar-ubar stay positive
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Future DY reaches into large-x
Ehlers, AA, Brady, Melnitchouk, PRD90 (2014)

1.4 T T T T T T T T T 1.4 T T T T T T
1.2 1.2
S S
© ©
N T
N <
©c r - free nucleon © [ - free nucleon
- - — smearing - — — smearing
0.8F . 0.8 .
—— smearing + off-shell —— smearing + off-shell
e E906 y - e J.PARC
' 1 | 1 | L | L | L 1 ] L 1 L ]
0% 0.1 02 03 0.4 05 2% 0.2 0.4 0.6
N AN

] E906/Sea Quest: off-shell effects even more important

. J-PARC: can cross-check nuclear smearing vs. DIS
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Sea quarks



Charge symmetry breaking

] E866 lepton pairs: 225
_ B , L / ® ¥ por
d(x) —u(x) #0 at = > 0.1 - Py m 1866
1.75 A NASI1
— Maybe even negative L — MRS12
L CTEQ4m
(a theory challenge...) s | [ crEos

d/u

1 /
) E906 / SeaQuest - \/
075

— Will focus on large x
05

0.25 | E866 Systematic Error

] LHC W/Z production:
— Access to x ~ 0.01 range

C] But d ”l Opp Theory corrections needed

U Opd for few % level accuracy
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Appendix:
Large-x data



New Large-x data: a partial list

] DIS data minimally sensitive to nuclear corrections
— DIS with slow spectator proton (BONUS)
* Quasi-free neutrons
— 3He/?H ratios (Marathon) + Jlab

] Data on free (anti)protons, sensitive to d
— e+p: parity-violating DIS  HERA (e” vs. e7), EIC, LHeC
— V+p, v+p : ShiP, ELBNF Near Detector, MINERVA

— p+p, p+p at large positive rapidity Tevatron: CDF, DO
LHCb(?) RHIC !!
AFTER@LHC

e W charge asymmetry, Z rapidity distribution

J “Drell-Yan” data
— Dimuons: E906, J-PARC (?)
— p+d at large negative rapidity — dileptons; W, Z RHIC ??
e Sensitive to nuclear corrections, cross-checks e+d AFTER@LHC
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JLab 6 GeV: Quasi-free neutrons for today

*

~

] Spectator proton tagging
— Nuclear corrections minimized experimentally

BONUS coll.,,. Tkachenko et al. arXiv:1402.2477

08 |
06 | |M
0.4 |

02 |

Fn/F,d
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JLab 12 - proton, deuteron structure functions

20

18

16

CJcut: W2 > 3 GeV?

-« i
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&

A A 4 A, WO '
& SI_AC,ECDI'HS,NI;.-’IC,EI"-.-’IC A A B2
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E1210002  2,* 5,

A& A A & Al b, A0 A,

o SHMS o HMS ﬁ%j “a

B
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[»

T
_,s. Jf
T

Byl :
Wy '
| |'i-"| 4 |L§‘ 'ﬁ| "

02 03 04 05 1
DIS region Res.onance
region
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Jlab12 experiment E12-10-002

E"D !u,"l"'l"'I"'I"'I"'I"'I"
#*SLAC
-EDD11G(JLabEGeV}
w%mevz

Ll L]

+
&
=
,,'E

— More than double Q? range
Similar precision as JLab 6 GeV
(largely improve cf. SLAC)
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JLab 12: Quasi-free neutrons for tomorrow

) Nuclear corrections
largely cancel:

Spectator tagging

— 3He/3H cross sec. ratio

0.8
0.6
3
~
o
0.4

0.2

0

JLab E12-10-103

_| LI | LI I L) I L | [ |_
Cil1 .
PDF uncertainty ]

- B nuclear uncertainty

s ® JLab (MARATHON) projected

- MARATHON

1 1 1 l L1 1 I 11 1 I L1 1
0 02 04 06 0.8 1
x
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JLab 12: Parity-Violating DIS

Jlabl2 experiment E12-10-007
J Longitudinally polarized electrons - PV asymmetry

or—o01 Az \ Q=10 GeV’
i }\ _____ - CTEQ4M
| 1% - -~ CTEQ4M (modified)
06 k +  This proposal, 90 dﬂ?ﬁ;’;
. R (follows MRST-2004)
[ \
0.4
-_ J_‘." 1-‘?; —
0.2 R - r 12
| d/u projected e,
0 -_ fitted range —‘{ \ \ )
5 =5 0.4 0.6 0.8 X
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Appendix:

old and new experiments
- examples -



At the EIC

J Neutral current DIS
— MEIC vs=31 GeV (ca.2010)
— Pseudo data using “CTEQ6X” fits, L=230 (35) tb"!

Keppel, 2010]

IIIIII|T| T IIIIIII| IIIIIII; Ellllll T TTTTT IIIIIIII| rrimmms T =
0.1¢ xg=0.13 0.1 & 0.1 0.1 F
0.05 4 o005 E o 0.05 E
0 .- 4 0F Wil - -2 o - - oF
-0.05 =4 E,=60 4 —0.05 & “% E,=8 E,=30 3 —0.05 E
-0.1 L=3x10% 3§ -0.1 L=3.5x10% -0.1
0.1 £ 01 0.1 0.1 &
., 0.05 005 F . 0.05 0.05 E
8 0 - 0F o 0 0FE
©-0.05 H —0.05 £ £_0.05 -0.05
0 0.1 -0l F ® _0.1 ~0.1 F
o i g v 2
= - = E
Z ot 4 o1E Z 01 0.1 F
© 0.05 5 005 © 0.05 0.05
g 0 —i 0 §— T) 0 0 E_
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0.1 . x,=0458 0.1F 0.1 0.1 F
E e E
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0 OF« 0 0F
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2
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At the EIC

J Charged current DIS
— plot for polarized scattering, similar for unpolarized
— Not optimized at large-x: likely to add a bin around x = 0.85

[Aschenauer et al, 2013]

“-_-",_ WHE  current polarized DIS data: -
[3 o CERN aDESY 3 Jlabh pgSLAC rrrERERERT
..:5 current palarized BNL-RHIC pp data: ] .

TE # PHEMIX 2° & STAR lojet ¥ W basoms

projected OC DIS daa:

m s = 1] GV

(i

(LU
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Constraints from the LHC: Electroweak Boson Production

" | 5 E 140
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K. Lipka, DIS’13 WG1 summary




W lepton asymmetry at LHC

CMS B40 pb' at {s=T7 TeV
0.25 | o~
- p"""l' —
% B pT{E} > 35 GeV . 7
€ oo .
@ B i
< B A
2 i |
w 0.15 =
: - -
Q - i
: - -
2 - t e CT1D 7
© 01T e spaia HERAPDF1.5 —
R Fepmeet T MSTW2008NLO
w - M= NNPDF2Z (NLO) -
B theory bands: 68% CL ]
1 1 1 1 I 1 1 1 1 I 1
IIII.I]EI:I i 5

Electron Pseudorapidity |

Sensitive both to d/u at > 0.1 and @/d at = ~ 0.01 (not constrained
well by other experiments)
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Constraints on strangeness: W,Z, W+c

r=05(s+5)/d=10073

- S ———
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K. Lipka, DIS’13 WG1 summary
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Constraints on strangeness: K* at the EIC

_ [ ||||| 1 |I||I||| ] |||||r|| I 1T TT T - ] I T TT1 ||| ] [ |||I|| ] 1 IIIIII:
10" E_ H-. + _E .
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_ dx dQ° ! 1 F ERLA
0% i ;
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Figure 1.10. SIDIS cross section for K+ production at NLO accuracy using NNPDF2.0 PDFs [47].
The dashed lines denote the PDF uncertainties. Also shown (points) are the results from a PYTHIA
simulation (see text).

Aschenauer, Stratmann, in 1108.1713
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Intrinsic charm at the EIC

The ultimate test of the intrinsic charm mechanism is possible in charm
SIDIS at the EIC with modest luminosities

Reduced cross sedim -::,E[x.ﬂz:l

& p cham SIDIS, Vs =45 GeV, @=9 Ge\*

0.1 ——— . —
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0e

dN,/ dx

Reduced cross secion -::,c[x.'lI!E:l
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i1

L | 1 1 {]; | Eé 1 1
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001 - — iy
'\-__\-\- .\..\"'\.
i .,
L ""‘.:\-\. i, . LY
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N \
I 2 AR
w0057 <y=097 “’\E‘
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10—? L L L L L Ili
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4110

Figure 1.20. Charm contribution to the reduced NC e~ p DIS cross section at /5 = 45 and 105 GeV.
For each IC model, curves for charm momentum fractions of 1% and 3.5% are shown. For comparison
we display the mumber of events dN, /dr for 10fh™ ! assuming perfect charm tagging efficiency.

Guzzi, Nadolsky, Olness, Sec. 1.9in 1108.1713
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