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“The coherence provided by QCD means that insights [into
hadron structure] may arise from unexpected quarters.

It is more than ever advisable to take a broad view that
integrates across hadronic physics, and to connect with the
rest of subatomic physics.”

C. Quigg, 2011

“The Future of Hadrons: The Nexus of Subatomic Physics”
Talk at “Hadron 2011”, arXiv:1109.5814
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“In-medium protons an@
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Overview

— Why large x?

— The CTEQ-JLab fits
e TMCs, HTs, nuclear corrections, d-quark parametrization

— Applications
 d/u ratio extrapolated to x=1
e Parton luminosities, W'and Z' production

— Constraining nuclear corrections

e Jefferson Lab data
e Tevatron, LHC data (!?)
e ...and more...



Why large x ?

) Large (experimental) uncertainties in Parton Distribution Functions (PDFs)

- Precise PDFs at large x are needed, e.g., 1.5
- CTEQ6.1 \ xg(x)
— Non-perturbative nucleon structure: 1 £ Q®=10GeV?

e d/u, Au/u, Ad/d at x—1

0.5

— at LHC, Tevatron
* New physics as excess on QCD

0

large p_spectra < large x PDF 0.5

e Forward physics 0

|
&
&)

— At RHIC: - relative err.
e Spin structure of the nucleon at small x -l
0.01 0.1 1
— Neutrino oscillations, ... X
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Valence quarks at large x

) At large x, valence u and d extracted from p and n DIS structure
functions

s

1
Fg N — Uy + §dv

4
Y~ —u, + =d,
2 U+9

— O

Ne)

— u quark distribution well determined from proton data
— d quark distribution requires neutron structure function

d 4Fp/F} -1

u  4—F}/FY
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But... deuteron corrections!

] Absence of free neutron targets
[1 use deuterons (weakly bound p and n)

0.7} | o
0.6; i N
0.5 S a 4

FEmFFﬂp

0.2 Different models of
0.1 g'”deuteron corrections”

SU(6) spin-flavor

- < _-:
0.4} > . :
0.3} /’ . ]

' Y

{ $=0diquark dominance

0.0°

0.4 0.6 0.8 1.0

Non-perturbative
proton models

\4

hard gluon exchange

X Arrington et al. arXiv:1110.3362

] Deuteron model dependence obscures free neutron at large x

— We will see quantitatively how much
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Large x at colliders - new physics searches

M y 10’
) Remember, T = ——e

\/g m'!-
) Examples: m,;
o
— Z'production M, = 1 TeV : r

10’

— W at forward rapidity: y > 2 g :

"‘" 10*

o [

xz > 0.1 (LHC) ol

x > 0.5 (Tevatron) ms |

. Precise large-x PDFs needed to: )

— reduce QCD background

10°
10"

— optimize searches involving large masses

X, , = (M/14 TeV) exp(zy)

Kinematic Plane (x,Q°)

Q=M M= 10TeV

M=1TeV

w10’ 10"

— precisely characterize new particle properties
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The CTEQ-JLab fits



The CTEQ-JLab collaboration

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

(J.Morfin, L.Zhu)

! Goals:

Global QCD fits of unpolarized PDFs focused on large x
Improve the PDF experimental precision (“PDF errors”)
by enlarging the fitted data set

Include all relevant large-x / small-Q? theory corrections
Quantitatively evaluate theoretical systematic errors
Use PDFs as tools for nuclear and particle physics

] Papers: Available

— A.Accardi et al., Phys.Rev.D81 (2010) 034016 “CJ10” / on request
— A.Accardi et al., Phys.Rev.D84 (2011) 014008 “CJ11”

New fit in preparation with latest data < Public release planned
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Global QCD fits of Parton Distribution Functions

data

* DIS: p, d *
* p+p(pbar) — I*I-, W*
* p+p(pbar) — jets, y+jet

theory

*pQCDatNLO
* Factorization & universality
* Large-x, low-Q?, nuclear corr.

* Minimize y?

fits
e Parametrize PDF at Q_, evolve to Q I

W,Z / W',Z', Higgs
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Large-x, small-Q? corrections

NNPDF2.0 dataset |
10° &/ % WWeRd Green: BCDMS Black: NMC
S L aom Blue: SLAC  Red: JLab
| + BCDMS 5
105§ gﬁg‘;‘;’;"’ Mo T g 102: [ ] 0T x X7 X TR TR TXT&T 1
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5 s e Uy’
B 10t BB SRS
G10°E ' o a A s
- . Ca a, B ledl
10 R ITE e Yy
] o i .; -
107 10° 10° 7 ”
! § &%A,@&a %@%&&& p =
E A T ! L1
J 1/Q* suppressed: 0.1 1
— Target mass corrections (TMC), higher-twists (HT] >
— Current jet mass, quark mass, large-x QCD evol. \ , _ ,
’ ’ included in CJ fits
J Non-suppressed
=_Nuclear corrections eshold resum., parton recomb.
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CJ10 fits: results in a nutshell
summary: Accardi, AIP Conf.Proc. 1374 (2011) 383

) Standard cuts:
— PDF insensitive to TMC, HT
— Nuclear corrections not negligible (but usually neglected...)

] Looser kinematic cuts
— PDFs stable as cut is varied about the largest allowed
— Substantial reduction in “experimental” PDF errors

) Stability w.r.t. TMCs
— The fitted HT term compensates for differences in TMC models
e Leading-twist PDFs have little systematic error (good!)
e HT term has =50% uncert. (not so good, if you care for this...)

— TMC theory uncertainty can be improved:
Brady, Accardi, Hobbs, Melnitchouk, PRD 84, 074008 (2011)
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CJ11 fits: results in a nutshell
summary: Accardi, AIP Conf.Proc. 1374 (2011) 383

J New d-quark parametrization
d(x) = d(z) + ozl u(z)

— Allows d/u to be non-zeroatx=1
— Produces dramatic increase in d PDF in x — 1 limit

) Large sensitivity to nuclear model

— The d-quark at x > 0.5 is almost fully correlated
to nuclear correction model

— Very large theoretical uncertainty
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Nuclear corrections - theoretical uncertainty

A
51T By (2
Faalom @) = [ duSatu.n) PO 7 (14 T2
TB \ F2 (Z‘)
Free nucleon str.fn.
1
“Smearing function” q ktq _M“;J Off-shell correction
ki, Yk

Calculated from nuclear
wave-function:

Models (little theory guidance):

* Melnitchouk & C. (MST)
* Kulagin-Petti (KP) fits of A/d ratios
* modified KP model

* CD-Bonn
°* AV18

* WIC-2 } relativistic
* WIC-1

} non-relativistic

Low-energy factorization issues
* Renormalization of nuclear operators
* Lorentz vs. gauge invariance, FSI, ...
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Nuclear corrections - theoretical uncertainty

A of f
Faalom Q) = [ dySatu ) FFMO 1 w02 (14 T 2

N N

Free nucleon str.fn.

LI5S ' T v T v T v T R 1.05 ' T v T v T v T '
. I ref = WBA (on-shell)
[ --- CD-Bonn ! ’ I
LlE |--- wic-1 S —~l
o [ | — WIC-2 1 S =
L - paris | '  J1T oo |l  vdRETTT T trtye T -
Z 105 F
= OOf
S [
. [ 0.95 |-
~ | [
2 | T T e =
S [
R - | == WBA + off (MST)
095 ref=AVI8 09T | WBA + off (mKP)
—.— WBA + off (KP large-A fit)
09 L ! 1 [ \ \ I I
0.85 : : : :
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X
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CJ fits: effect of d-quark parametrization
Accardi et al. PRD 84, 014008 (2011)

1 IIIIIIIIIIIlIIIII (] LI i IIIIIIIlIII III|IIIIIII|III|III_
standard d new d |

YW

.-U ‘- ‘ .......
‘;\\ ,/ “\' b

0.1 “-_. = - —— CD-Benn -

: off {maxh : off (max) [ — — AV1B ]

- — — off (min) 7 T — — off (min) " == wic-2 ’

| — — - on-shell '. i | ——-- on-shell [ - — - wic-1 |

—

e 0.4 —+ —+ -
s f 1 4
= D2 = ‘_1/____ jf
— L 4 £ ]
D_' | B, il . e —_— il = [ s T ol P

02 0.4 06 0.8 UED4DEDB DEG4UEUB

X X X

J Dramatic increase in d PDF as x - 1 with more flexible parametrization
d'(z) = d(z) + az’u(x)
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CJ fits: nuclear model systematic error
Accardi et al. PRD 84, 014008 (2011)

1.6 my/u

IIIIIIII|IIII|IIII|IIfII

'_g Eret "'f -

1.2

S alS R ——
| """"--..\ 4\
08 _— .

| —— max nuclear | \\ 1 ]

. — — — min nuclear ""\ 4+ -

04 Tlllllllllllllllllllllll IIII|IIII|IIII|IIII'JIIII IIII|IIII|IIII|IIII|IIIT
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 020406 0.8

X

. Large sensitivity to nuclear corrections model
— d-quarks: directly, due to corrections applied to F_(d)

— gluons: due to correlation with d-quarks induced by jet data

accardi@jlab.org Confinement X, 8 Oct 2012 18



Application:
The d/u ratio at x- 1



The CTEQ-JLab d/u

Accardi et al. PRD 84, 014008 (2011)

1 L | L I L L | T I: ]. % I | I | | [ | | [ | | T :
B extrap.] - Nﬁ% .
i fitted \L |
i i - i h i |
3 < M2 |
o
0.1 ¢ 1 (2 0.1 |- //é_
N 1| @ - _ N
B d/U ' B reference fit //
- EBXE® nuclear uncertainty ] — —- no deuteron DIS /
- XXX PDF uncertainty %_ R .I;/-,%;‘
—I L 1 | L 1 1 I L 1 1 | I(AIXI:I'D\ i ;_| 0 4 '___I I | I I | ! I | I Ii"fl L 1
0 02 04 06 08 1 S S
X — 0.2 /—_
G.J — f —_
] Large nuclear uncertainty: B e = = WEEE
& y: 0 02 04 06 08 1
— Covers all non-perturbative model results X
— Eats away improved statistics from low-W? data
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Application:
Parton Luminosities
W',Z' bosons



Parton luminosities
Accardi et al. PRD 84, 014008 (2011)

) Large-x PDF uncertainties affect total cross sections
for objects of large mass § = (p1 + p2)* = 21225

1 bdz ) 5 . o
b= iz L, 7 w05 (59) + 60 )

1,4 .ll 1 | IIIIII| 1 | I;I_"_Il I I I|||||| 1 L _II | 1 |IIIII|
: gg/ggrr:i’ n":: gd/gdref : dﬁ/dﬁrei’
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Parton luminosities
Accardi et al. PRD 84, 014008 (2011)

) ... or large rapidity:

dL;; 1 A a

o A e 9ireTy.8) + (i o )

1;4 T T TTTrrm I T T TTTH I 11 I T ETTrnmn I T TTUTT | L I 1T P TTT0T I T TITTn |
B | | ] | v l A
o ~ gg/ggref y=2 y=1 - gd/gdref B du/dur&f N
) - y=3 P - .
- - ! - — —
o ! ! I " _
s n / 7 /- » _
‘:E.., 1 B ’# .--f - 7 B N

" oy, oy, oy o Sy
%- T \ '\ i
% -~ —— maXx nuclear + \\ \\ \\ 1 \\ \ A
- — — - min nuclear T \ 1 ' T \ ! 1 i
0.8 Corvnd vl e vl v Yo vl vl Y
0.01 0.1 0.01 0.1 0.01 0.1
T

(Note: ratios are largely independent of s)
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Heavy W' and Z' boson production
Brady, Accardi, Melnitchouk, Owens, JHEP 1206 (2012) 019

] Some extensions of Standard Model predict heavy versions of W, Z bosons
— current limits My, >2.1TeV, M»> 1.8 TeV

(assuming Standard Model couplings)

] Observation of new physics signal requires accurate determination of QCD
backgrounds, which depend on PDFs!

) Example: total cross sections (M, / M fixed)

13 I I T I

|
My [Gev] ° ¢ (maxnuclear)  — yncertainties in large-x PDFs could
12 k * CJ (min nuclear) | ] . _
‘:E B \ LHC _ affect interpretation of experiments
= uf© ) - searching for new particles
E o 1 W, L
Ei | I ) C . -
0% - -
| | 1 | |
le<05  O4KKIL DG 00l .l l L]

Oy Eﬂh}
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Constraining nuclear
corrections



Need data to constrain nuclear corrections!

] Data minimally sensitive to nuclear corrections
— DIS with slow spectator proton (BONUS, BONUS12)
e Quasi-free neutrons
— DIS with fast spectator (DeepX) JLab
e Off-shell neutrons — but large, poorly controlled FSI
— 3He/3H ratios (MARATHON)

] Data on free (anti)protons, sensitive to d or g

— e+p: F_, parity-violating DIS JLab, HERA (e*+p vs. e7+p)
— V+p,V+p  Minerva ???
oot - - Tevatron: DO, CDF??
— p+p, p+p at large positive rapidity LHCb?? RHIC ??

e W charge asymmetry, Z rapidity distribution AFTER@LHC

! Cross-check data

— 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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Quasi-free neutrons from BONUS
N.Baillie et al., PRL 108 (2012) 199902

flllllllllllIIII|IIII|IIII|IIII|IIII|II:
0.gF- e W*>1.8GeV °

© W*>1.6GeV -
o8- . \l/ © W's>1.4GeV
0.7 . [ Jcd =
0.6F : -
woF ]
:Nu's'_ ]
L E . .
04 —

C %4— *0 ]
03- 4 BN E

- O o o0 ]
02 V& 580 N
faes®®® | BONUS -

0_1__ 02 04 06 0.8 =
ol b b el

01 02 03 04 05 06 07 08

X

] DIS data (black disks) too uncertain at x > 0.5
— Need to wait for BONUS12 / MARATHON

27
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Quasi-free neutrons from MARATHON

Approved JLAB12 experiment

1 UL | LI I LI I LI | T
Cil1 =
0.8 XY PDF uncertainty _
i X8 nuclear uncertainty ]
| ® JLab (MARATHON) projected]

0.6 - T sue
2 [ s
= §-

.4 [ =
_ “\ |
- sy *H helicity
0 2 __ __ﬁ/ CONserv.
i R | scalar
0 SR B B A B B B B A B B R /f'diquark
0 02 04 06 0.8 1

X

J Nuclear corrections largely cancel in the ratio of 3He/3H cross sections
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W, Z production

P90 wz

ng

’

p(p)— |

) Example: W and decay lepton charge asymmetry at large rapidity

oW =0 W) _dfu(zs) — dfu(a)
oWt)+oW=) dju(xe) +d/u(z1) [o1> )

Aw(y) =

Ai(y) = Aw ® Bw—i(y)
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W charge asymmetry at Tevatron
Brady, Accardi, Melnitchouk, Owens, JHEP 1206 (2012) 019

Directly reconstructed W:

> highest sensitivity to large x

0.8

0.6

0.4

0.2

0

B I—’—I| CDF I]:)ata I | _."
— Tevatron ;;’ -
- 2
‘“I‘.-"';
= o ‘FL-I‘-‘F
I r_p...a-‘“'"
Pt I |
0 | 2
Yw
sensitive to
d at high x

0.4

0.2 r

0

0.2 r

04 r

-0.6

From decay lepton W — I+v:
» smearing in x

—— D0 Data

e CJ (max nuclear)
———— CJ (min nuclear)

Tevatron

0

1

n

2

Can constrain
Nuclear models!

J Too little large-x sensitivity in lepton asymmetry:

— need reconstructed W
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(but: correlation to PDF used in exp. analysis...)
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W charge asymmetry at LHC

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

Directly reconstructed W: From decay lepton W — |+v:
> highest sensitivity to large x » smearing in x
1 ' ! ! ' ! ' b 06 Lﬁ(‘ " . CJ (max nuclear)
[ CJ (m?x nuclear) ."l | 04 L —— CJ (min nuclear) |
0.8 [ == CJ (min nuclear) Alll§s Al
- LHC Al ¥ T
i 02t e
0.6 ‘f - ___n__d_.m__ -
_.;{:f' ' . *':IF 0 - CMS
04 P X I
: o~ : 0.2 f LHCb
02 e — | —— LHCD
ey i 04 r = CMS: ev T
0 : I : | : | ' | 06 -~ CMStpw
0 ' 2 3 4 o 1 2 3 4
Yw n

] 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

: | ' I TT+TT T | ' |
LHC . Tevatron .
11 - :,'- 1.1 |- -

—-— CDF rel. stat. err. - !

O,/ G, (ref)
e
P

I‘ 4

1 \ \
0.9 |- 1 09 N -
| CJ (max nuclear) A\ I N
~—-—- CJ (min nuclgar)
0-8 L I L I - I A I ﬂ-E 1 I I 1
0 1 2 3 4 0 1 2 3
Yz 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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Summary

J Ongoing CTEQ-JLab global fits attacking large-x PDFs:
— integrate across hadronic physics
— connect with rest of subatomic physics

PDFs

—
Nuclear HEP

data data

pQ‘C}« A/p:lCD f

Global IpQCD Global
QCD fits QCD fits

/

Nuclear, hadron
theory
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Plans

 In preparation / near future

— Fits with latest data (HERA combined, LHC @ 7 TeV)

— Correlated errors where available; tensions between data sets

— Public release of PDF + error sets (and accompanying software)

— LHC / RHIC / E906 phenomenology

— Will be ready to fully exploit JLab 12 GeV upgrade, next generation exp's

] Longer term

— F, /0 data on deuterium (large-x gluons); heavy quarks

— large-x resummation, jet mass corrections, quark-hadron duality
— better off-shell corrections, extend to gluons

— Integration to MCFM generator

— Monte Carlo PDF errors

accardi@jlab.org Confinement X, 8 Oct 2012
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Small x gluons at colliders: hadronic structure

-l Gluon spin at small x at RHIC requires particle production at large y

o (i — 7X) ox Aq(1)Ag(w2)6% 79 DY (2)

| x1 coverage in PHX detectors |

—

wir/5=500GeV
350; pTZQ.E) GeV
w7~ 0.06
250
200

1505_ .CU1 ~ 0.0].
100

50

95

1 Precise large-x PDFs needed:
— to measure smallest-x gluon helicity
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PH ENIX
~ 0.3

m rapidity:

In] <0.35
n=1.0-3.0

n=3.1-3.9
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Valence quarks at large x

) d/u quark ratio particularly sensitive to quark dynamics in nucleon

] SU(6) spin-flavor symmetry

— proton wave function

interacting diquark spin
quark

spectator
diquark

accardi@jlab.org Confinement X, 8 Oct 2012
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Valence quarks at large x

) d/u quark ratio particularly sensitive to quark dynamics in nucleon

] SU(6) spin-flavor symmetry

— proton wave function

1 V2
pl = —ng(uu)l — ?di(uu)l

V2 1 1
+ =g v (wdh - gut(ud) + —ul (ud),

— 50% (qq), 50% (qq),, u=2d atall x

d_1 B2
u 2 P 3

accardi@jlab.org Confinement X, 8 Oct 2012
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Valence quarks at large x

] Broken SU(6) : scalar diquark dominance
- M,>M,, U (qq), has larger energy than (qq),

— But only u quark couples to scalar diquark:

d Froo1
S50 = 252
Uu F2 4 Feynman 1972, Close 1973
Close/Thomas 1988
] Broken SU(6) : hard gluon exchange

— helicity of struck quark = helicity of struck hadron

e —>
d 1 _ By 3
_ _ —5 _
u D F 2 7 Farrar, Jackson, 1975
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The mKP off-shell nucleon model
Accardi et al. PRD 84, 014008 (2011)

) Nucleon at large x = valence quark + spectator diquark

¢ (T, p /d%/ e dk:*> D q’,»N(.s k2 x, pg)

TN

Nucleon virtuality diquark Quark virtuality
inv. mass squared

— Quark spectral function, with spectator diquark

Dyn = 0(s —s0) P(k*. A(p*))  [s,=2.1GeV? from fits]
Cutoff scale

— Physical interpretation: nucleon size changes with p* R ~1/A
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The mKP off-shell nucleon model
Accardi et al. PRD 84, 014008 (2011)

) Expand F (N) to first order in virtuality:

N p2 — ;“'.1(2
FY (2.Q%p%) = F)(x.Q°) (1 + 0 fal. Q*) )
! In the mKP model

1 —M)(1—2)M? + \sg
(1 —2)2M? — s

dlog q,

Ofy = ¢+ ;1.'(1—:5)(

Ox

— Only 1 free parameter

A = dlog A?/dlog pﬂpzzw — —2(0Ry/Ry)(6p?/M?)

Physical interpretation: / /

nucleon size changes with p*: R, ~1/A /
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Nuclear corrections
A
5o/ |
dy Sa(y,v)Fy M (x5 /y, Q%) (1 + Z(x))
FQ (CE)

Fyy(rps, Q%) :/

1.15 — . . :
e :I' -
- light-cone Do . .
[ | — offushell i1 — Using off-shell model, obtains
LLE |--- density ;] larger neutron (larger d) than
= . . rr H _
5 . no bmdmg\).:- o light-cone model
{“N Tt with binding I
. ' + off-shell ———= /1 — Butsmaller neutron (larger d) than
S Y / . _
| A _ no nuclear effects or density
e j model
0.95 i 1 1 | | L |
02 0.4 0.6 0.8
X
42
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The CTEQ-JLab F,(n) / F (p)

Accardi et al. PRD 84, 014008 (2011)

]. | [ | | I | L | | ] | | IJ] ] |
i Calculated [
L _(“extracted from data”) _
O . 75 — .. .':;‘3-::5. —
0.5 - :f-;::::':':EE':’::?;:
[ F,(n)/F,(p) e
0.25 _— gt nuclear uncertainty h —_
722 PDF uncertainty (Ax =1) _
-~ — — no nuclear corrections =
0 ] 1 | | | | L1 1 | | | | L1 |
0 02 04 0.6 0.8 1

X
1 Well behaved extrapolation for each nuclear model

— however, beware of remaining PDF “parametrization bias”

) Needs some realistic nuclear corrections, or obtains non-sense results
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