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A reanalysis of the NMC and SLAC data leads to a great improvement in our knowledge of the
valenced and u parton distribution functions (PDF’s) at high Standard parton distributions with
our modifications are in good agreement with QCD predictions dgr at x = 1, and with the
CDHSW vp and vp data, the DESY HERA charged current cross section data, the collider high-
P, jet data, and the CDRV asymmetry data. With the inclusion of target mass and higher twist
corrections, the modified PDF’s also describe all deep-inelastic scattering dataup- @98 and
down toQ? = 1 Ge\?. [S0031-9007(99)08568-3]

PACS numbers: 13.60.Hb, 12.38.Qk, 24.85.+p, 25.30.Pt

Recent work on parton distribution functions (PDF’s) The ratioF5/F5 is directly related ta//u. In leading
in the nucleon has focused on probing the sea and gluoorder QCD,2F{/F) — 1 = (1 + 4d/u)/(4 + d/u) at
distribution at smalk. The valence quarks distribution has highx. We perform a next-to-leading order (NLO) analy-
been thought to be relatively well understood. Howeversis on the precise NMEY /F5 data [7] to extract//u as a
the precise knowledge of the and d quark distribution  fynction ofx. We extract the rati(j?é7 n/Fg by applying
at highx is very important at collider energies in searcheshe nuclear binding correctio?/F; * to the FY/
for signals for new physics at hig?. In addition, the F} data.
value ofd/u asx — 1is of theoretical interest. Recently, “As shown in Fig. 1(b), the standard PDF’s [8,9] do not
a proposed CTEQ toy model [1] included the possibility gescribe the extractel " /F5. Since theu distribution
of an additional contribution to the quark distribution s rejatively well constrained, we find a correction term to
(beyondx > 0.75) as an explanation for both the initial ;/,, in the standard PDF’s (as a function:f by varying
DESY HERA highQ? anomaly [2] and for the jet excess gy the ¢ distribution to fit the data. The correction

at highP_, at CDF [3]. In this Letter we conclude that a {grm is parametrized as a simple quadratic fodfa,/u) =
reanalysis of data from NMC and SLAC leads to a greafp.1 = 0.01)(x + 1)x for the Martin-Roberts-Stirling

improvement in our knowledge of PDF's at highand
rules out such toy models. ——————r
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Information about valence quarks originates from the 1.04 s S1AS %g}%/l‘m g

proton and neutron structure function data. Thealence & 102l * NMC ]
. . . . . . . + F 1

quark distribution at high is relatively well constrained e :
by the proton structure functiaf; . However, the neutron 100 pne o —o  — — — — — — ]
structure functionF, which is sensitive to the valence Uari“o o |
quark at highx, is actually extracted from deuteron data. : - ]
Therefore, there is an uncertainty in thevalence quark 0.96 -— —Meln.—Thomas model~ —="— ]
distribution from the corrections for nuclear binding effects 0.0 0.2 0.4 0.6 0.8
in the deuteron. In past extractions Bf from deuteron X [a]

. ~‘NLO CTEQ‘4M ‘
— —NLO MRS(RR)
NLO MRS(R2) mod
® NMC (1998) -
with nuclear corr

data, only Fermi motion corrections were considered, and
other binding effects were assumed to be negligible. Re-
cently, the corrections for nuclear binding effects in the B
deuteronfFs /F, ”, have been extracted empirically from o>
fits to the nuclear dependence of electron scattering data =_, 0.8
from SLAC experiments E139/140 [4]. The empirical ex- =

traction uses a model proposed by Frankfurt and Strikman 0.7
[5], in which all binding effects in the deuteron and heavy oo oz os o Tos
nuclear targets are assumed to scale with the nuclear den- ' ' X [b] ' '

sity. The total correction for nuclear binding effects in ) o
the deuteron [shown in Fig. 1(2)] is in a direction which FIG- 1. (a) The total correction for nuclear effects (binding
is opposite to what is expected from the previous model@Md Fermi motion) in the deuteror;/F> °, as a function

hich included onlv the E . i ffects. Th of x, extracted from fits to the nuclear dependence of SLAC
which included only the Fermi motion elects. € SUr i, electron scattering data (compared to theoretical model

prisingly large corr_ection_extracted in this empirical way 6]). (b) Comparison of NMCF. 7 /FY (corrected for nuclear
may be controversial but is smaller than the recent theoretffects) and the prediction in NLO using the MRS(R2) PDF

ical prediction [6] [dashed line in Fig. 1(a)]. with and without our proposed modification to thH¢u ratio.
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MRS(R2) PDF, where the corrected/u ratio is cross sections [13] in the HERA hig? region, shown
(d/u) = (d/u) + 8(d/u). Based on this correction, we in Fig. 3(a), because the charged current scattering with
obtain a MRS(R2)-modified PDF as shown in Fig. 2(a).positrons is ond quark only. Figure 3(b) shows that the
The correction to other PDF’s such as CTEQ3M/4M ismodified PDF’s also lead to an increase of 10% in the pro-
similar. Note that since thé quark level is small at large duction rate of very highP7 jets [14] in hadron colliders.

x, all the sum rules are easily satisfied with a very minute Since all the standard PDF’s, including our modified
change at lont. The NMC data, when corrected for nu- versions, are fit to data with less than 0.75, we now
clear binding effects in the deuteron, clearly indicate thatnvestigate the validity of the modified MRS(R2) at very
d/u in the standard PDF’s is significantly underestimatechigh x by comparing toF; data at SLAC. Although the

at high x as shown in Fig. 2(a). It also shows that the SLAC data at very high: are at reasonable values @f
modified d/u ratio approache$.2 + 0.02 asx — 1, in (7 < Q? < 31 Ge\?), they are in a region in which non-
agreement with a QCD prediction [10]. In contract, if the perturbative effects such as target mass and higher twist are
deuteron data are corrected only for Fermi motion effectsery large. We use the Georgi-Politzer calculation [15] for
(as was mistakenly done in the past) both the: from  the target mass (TM) corrections. These involve using the
data and the//u in the standard PDF’s fits approa@tas  scaling variablet = 2x/(1 + /1 + 4M2x2/Q?) instead

x — 1. Figure 2(a) shows that/u values extracted from of x. Since a complete calculation of higher twist effects
CDHSW [11] »p/7p data (which are free from nuclear is not available, the very lowp? data are used to obtain
effects) also favor the modified PDF’s at high information on the size of these terms.

Information (which is not affected by the corrections for We use two approaches in our study of the higher twist
nuclear effects in the deuteron) elfu can be also ex- effects: an empirical method and the renormalon model.
tracted fromW production data in hadron colliders. Fig- In the empirical approach, the higher twist contribution is
ure 2(b) shows that the predict&d asymmetry calculated evaluated by adding a terin(x)/Q? to the perturbative
with the DyRAD NLO QCD program using our modified QCD (pQCD) prediction of the structure function (includ-
PDF is in much better agreement with recent CDF datang target mass effects). Thedependence of the higher
[12] at large rapidity than standard PDF’s. When the moditwist coefficientsi(x) is fit to the global deep-inelastic
fied PDF atQ? = 16 Ge\? is evolved toQ? = 10* GeV?  scattering (DIS)F, (SLAC, BCDMS, and NMC) data
using the NLO QCD evolution, we find that the modi- [16—18] in the kinematic regiof0.1 < x < 0.75,1.25 <
fied d distribution atx = 0.5 is increased by about 40% Q2 <260 GeV2) with the following form: F, =
in comparison to the standartidistribution.  The modi-  F22“°"™[1 + 4(x)/02]f(x). Here f(x) is a floating
fied PDF’s have a significant impact on the charged currerfactor to investigate possible dependent corrections to

our modified PDF. A functional forrg[x?/(1 — x) — ¢]

T for h(x) is used in the higher twist fit to estimate the
08k ® CDHSW E
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FIG. 2. (a) Thed/u distributions atQ? = 16 GeV? as a - J
function of x for the standard and modified MRS(R2) PDF o8 s s s s
compared to the CDHSW data. (b) Comparison of the CDF ° 1e0 Bt (Gev) [8] 400 200

W asymmetry data with NLO standard CTEQ3M, MRS(R2),

and modified MRS(R2) as a function of the lepton rapidity. FIG. 3. (a) The HERA charged current cross section data
The standard CTEQ3M with a resummation calculation is alsand (b) the CDF and DO inclusive jet cross section data are
shown for comparison. compared with both standard and modified PDF’s.
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size of the higher twist terms above = 0.75. The AL AL M AU I T
SLAC and BCDMS data are normalized to the NMC QIOO_M_M
data. In the case of the BCDMS data, a systematic t '

error shift A (in standard deviation units) is allowed t0 | Jwwriswestopmi=0.140 | { x5 0140 ]

account for the correlated point-to-point systematic errors. (x307¢

The empirical higher twist fits with the modified NLO e XS NTE b 0160
MRS(R2) pQCD prediction with TM have been performed  os0 W_ (x20 %
simultaneously on the proton and deute®ndata with - t (x 13771 225

parameters foh(x) per target and the BCDM3]. We
find that empirical higher twist fit describes the data well
(x?/d.o.f. = 843/805), and the higher twist contributions
in the proton and deuteron are similar. The magnitude is
almost half of the size from a previous analysis of SLAC/
BCDMS data [19], because that analysis was based on
as(M2) = 0.113, while a,(M2) = 0.120 in the MRS(R2)
PDF, which is close to the current world average.

In the renormalon model approach [20], the model pre-
dicts the complete dependence of the higher twist con-
tributions to F,, 2xF, andxF5, with only two unknown

11 free parameters [two relative normalizations and three w w
x 1.2 275

parameters\, andA,. We extract thed, andA4 parame- ' gﬁ%MS

ters, which determine the overall level of th¢Q? and x CCFR

1/0* terms by fitting to the global data set fBs andR[= oorem T iR
F>(1 + 4Mx?/Q?)/2xF; — 1]. The values ofi, andA,4 1 5 10 50100 1 5 10 50100
for the proton and deuteron are same in this model. iThe Q° [Proton] [a] @ [Deutron]

dependence dfxF, differs from that ofF, but is the same

as that ofcF3 within a power correction of /Q2. Our fits

can also be used to estimate the size of the higher twist ef-
fects inxF3 [e.g., the Gross—Llewellyn Smith (GLS) sum
rule]. The higher twist fit in this approach has employed
the same procedure as the empirical method. Figure 4
shows that the model yields a description of thdepen-
dence of higher twist terms in both, and R with just

the two free parametersyt/d.o.f. = 1577/1045). The
CCFR neutrino data [21] are shown for comparison though
they are not used in the fit. The extracted valuesiof
are—0.093 = 0.005 and—0.101 = 0.005, for proton and
deuteron, respectively. The contribution 4f is found

to be negligible. We find that the floating factf¢x) for

the deuteron deviates from 1 and is also bigger than that o4} { et
for the proton, unless the modified MRS(R2) PDF is used. oz —% - -—%l_-
This reflects our earlier conclusion that the standadis- . .

tribution is underestimated at the highregion. As in the

empirical fit, the extracted, value is half of the previ- *= 0778
ous estimated value [20] of, based on SLAC/BCDMS lﬂrh E
[ay (M%) = 0.113] analysis [22]. Since both of these ap- T AV S
proaches yield a reasonable description for the higher twist 2 5 10 20 50 100
effects, we proceed to compare the predictions of the modi- s Q_ch‘s

fied PDF’s (including target mass and renormalon higher °°f 1 X GoR B rusa
twist corrections) to the SLAC protaf, data at very high o0 ol ] — N VR S

X (07 <x < 1), tewm w

There is a wealth of SLAC data [23] in the region up
to x = 0.98 and intermediate? (7 < Q% < 31 Ge\A?). FIG. 4. The description of higher twist fit using the renor-
Previous PDF fits have not used these data. We ug@alon model with the modified NLO MRS(R2) PDF. The

. - . CFR neutrino data are also shown for comparison. (a) Com-
the estimate of the higher twist effects from the mOdelsparison ofF, and NLO prediction with and without higher twist

based on the data (below < 0.75) described above. contributions. (b) Comparison dt and NLO prediction with
Note that the data fox > 0.75 are in the DIS region, and without the renormalon higher twist contributions.

2469



VOLUME 82, NUMBER 12 PHYSICAL REV

IEW LETTERS 22 MRcH 1999

100.0 T T T
s0.0F e  SLAC 20<Q%<31 / 1
8 =200 —— MRS(R2) mod(theory)  / R
g 10.0F — — CTEQ4M mod s . E
% 5.0 - = CTEQ4M Toy “ 7 1
=  20Fr *-Te , .
1.0 s o ® _ * s _’ - = =
0.5 1 1 1
0.7 0.8 0.9 1.0
X [a]
3.0 T T A
= .
= 20 i 4
g e
o s
g KATEAL,
= 4 — = h g — - = ==
& 1L0—4—% * ¥ | .
E 0.7 -
B = Target mass (Georgi—Politzer) ON E
0.5 1 1 1
0.7 0.8 0.9 1.0
X [b]
~ 3.0 T T T
= MRS(R2) mod [ Empirical HT ]!
; 2.0 Y i
= o
& 4
: + 7
S L. P RIS
2 Wt v ¥ 1 + .
B onf t ]
E o Higher twist (renormalon) ON —
=) 0.5 1 1 1

0.7 0.8 0.9

X [e]

FIG. 5. Comparison of SLAG; data with the predictions of
the modified MRS(R2), CTEQ4M, and the CTEQ toy model
at highx and higherQ? (20 < Q% < 31 Ge\?). (a) Ratio to
pQCD, (b) ratio to pQCD with TM effects, and (c) ratio to
pQCD with TM and higher twist effects.

and the data forx > 0.9 are in the resonance region.

It is worthwhile to investigate the resonance region also
because from duality arguments [24] it is expected that

the average behavior of the resonances and elastic pe
should follow the DIS scaling limit curve. Figure 5 shows
the ratio of the SLAC data to the predictions of the
modified MRS(R2) at relatively larg@? (21 < Q2 <

30 GeV?) where the elastic contribution is negligible.
With the inclusion of target mass and the renormalo
higher twist effects, the very high data from SLAC are
remarkably well described by the modified MRS(R2) up
to x = 0.98. The good description of the data by the

modified MRS(R2) is also achieved using the empirical

estimate[(x)/Q?] of higher twist effects as shown in

Fig. 5(c). Figure 5 also shows that the CTEQ toy model

(with an additional 0.5% component afquarks beyond
x > 0.75) overestimates the SLAC data by a factor of 3
at x = 0.9 (DIS region). From these comparisons, we
find that the SLACF, data do not support the CTEQ toy
model which proposed an additionalquark contribution
at highx as an explanation of the initial HERA high?
anomaly and the CDF highR; jet excess. As indicated
in Fig. 5(c), the uncertainties in the PDF’s at highare
small. The difference between CTEQ4M and MRS(R2)
(with our d/u modifications) is an estimate of the errors.
In conclusion, we find that nuclear binding effects in

the deuteron play a significant role in our understanding
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of d/u at highx. With the inclusion of target mass and
higher twist corrections, the modified PDF’s also describe
all DIS data up tax = 0.98 and down toQ? = 1 Ge\~.
The modified PDF's with out//u correction are in good
agreement with the prediction of QCDat= 1, and with
the CDHSWv p andvp data, the HERA CC cross section
data, the collider highR, jet data, and with the CDW
asymmetry data. A next-to-next leading order (NNLO)
analysis [22] ofR indicates that the higher twist effects
extracted in the NLO fit at lowp? may originate from the
missing NNLO terms.
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