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Abstract

The impact of recent precision measurements of DIS structure functions and inclu-
sive jet production at the Tevatron on the global QCD analysis of parton distribution
functions is studied in detail. Particular emphasis is placed on exploring the range
of variation of the gluon distribution G(z,Q) allowed by these new data. The strong
coupling of G(z,Q) with e, is fully taken into account. A new generation of CTEQ
parton distributions, CTEQ4, is presented. It consists of the three standard sets (M8,
DIS and leading order), a series that gives a range of parton distributions with cor-
responding @,’s, and a set with a low starting value of Q. Previously obtained gluon
distributions that are consistent with the high E, jet cross-section are also discussed
in the context of this new global analysis.
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Global PQCD Analysis,
o, G(x,Q), Dir. y and Jet production

Basic Parameters of PQCD: ag(u), mAn)

Non-perturbative, universal parton distribution

functions: qi(x,Qo), G(x,Qo)

qi(x,Qo) are well-constrained by DIS, DY data,
except for some details of flavor-dep. of the sea.

o, G(x,Q) are not well-constrained by Dir. ydata as
commonly assumed/hoped,
due to theo. and expt. uncertainties.

(important challenge for PQCD theory!)

Inclusive Jet production is even more sensitive to o
and G(x,Q); and the theory has less uncertainty.

= Can the medium p; inclusive jet data be used, in
conjunction with new precision DIS data, to finally

close-in on G(x,Q) and shed light on os?

= Can the CDF high p; events be compatible with
conventional PQCD with unconventional G(x,Q)?



Determining o in Global QCD Analysis
of lep.-had. & had.-had. Interactions?

e ;5 enters in all lep.-had. and had.-had.

processes => Global Analysis places
important constraints on the value of 05

e However, it is intimately coupled to G(x,0Q)
(and gi(x,Q)) = its determination is not
"Clean" :

¢ Determining o5 in Global Analysis is |
complementary to that in "dedicated
experiments”

¢ It is important to study o5 in the global
context to check the consistency (among
different processes) required by its universal
character, particularly in view of the
“differencesseen in various dedicated
measurements.
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A Global Study of Inclusive Direct Photon Production Data
(Huston et.al. CTEQ-407; Phys. Rev. D51, 6139 (95))

(Date — NLO QCD)/NLO QCD
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Inclusive Jet Cross-section in PQCD

LO X-section: ~ a52. G(x,Q) + &5 Gexa) @y, Qd

NLO X-section: tds aped acha

- Jet algorithm dependent, but, by now, well
developed. (Aversa etal, Ellis etal, Giele etal..)

Uncertainties - large p;

Threshold Resummation eftects °
(x—>1, cf. DY & Top production)

Uncertainties — small p;
Scale dependence (only for very small p; )

Initial-state multi-gluon radiation corrections i
| ("kt broadening” in DY, Dir. ¥, ...)
Non-perturbative corrections (~O(1/p; ) ?)

Jet Definition: fragmentation prod. outside jet cone ;
Effect of "underlying event" fr target-beam remnants=+ ;
Obs_erved lack of "x¢ scaling” in CDF 630/900 X-sec ratio*
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CDF: 630 GeV vs 1800 GeV
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Ratio of Scaled Cross-Sectmns. 630 and 546 over 1800
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Percelgltage
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Systematic Errors

1)Evaluate change in Response Functions
2)Use new Response Functions to derive

New Physics curve

3)Compare to “Standard Curve”
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N LO
K Dependence of Inclusive Jet Cross Section
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Recent Experimental Developments

More DIS Data:

HERA - “1994 Run”
More extensive, from x 10° to 0.3
and More precise (2-3%)
First data on charged-current cross-sections
First measurements of F,
First measurements of F,"™

- NMC —Analysis of small angle data

Extends to lower x and Q°, R (L/T),
bridges HERA and BCDMS

E665 -New

New Process:

Tevatron Inclusive Jets - CDF/DO0
15 GeV < E, < 450 GeV



Processes and Experiments used in CTEQ Global QCD Analysis

Process | Experiment |  Measurable # Points Note
DIS BCDMS F8 g, F§p 324 PL B223 '89
NMC [ Ffy, F¥p FY | 297 PL B364 95
E665 F§y, F§ g 70 FNAL-95/396
H1 Fs o 172 DESY 96-039
ZEUS Fs 179 DESY 96-076
CCFR Y Fes & FY £, 126 '93 (Pri. Com.)
Drell-Yan E605 sdo /d\/Tdy 119 PR D43 '91
NA-51 Apy 1 PL B332 '94
W-prod. CDF Leptonasym. | 9 PRL 74 '95
Direct v | WAT0 Edc/dp | 8 7.Phys.C38 '88
UA6 Ed’c/d’p 16 PL B317 '93
Incl. Jet F do [dE; 36 PRL 77 '96, APS '96
— Uo‘w_ do [dE; 26 Moriond ’96




Mew CTER Global Ana(ysis :
How Well do we know G(x,Q)?

G"\' \ou.) 4o mederats 'K?
Will study in two steps: -

Impact of New and More Precise DIS data (1995):

HERA, NMC, E665 significant
Impact of Inclusive CDF/DO Jet data:
CDF (excluding low and high Pt regions) st time

Phenomenological Sources of Uncertainties on G(x,Q):

Value of o
Will explore the range: 0.105 < os(mz) < 0.125

Parametrization of G(x,Qy)
G(x,Qp) = AxB (1-x)° P(x; D, ...)
P(x; D, ...): functional form?  Bejyon = Bgeg quarks ?
How many parameters?
-~ Will compare:
(1) "minimal": B, = Bs_q‘ ; A-D (CTEQ3)

()2 +min": By#Bs,; A-E  (CTEQ2, MRSG, .)

Data Selection: in particular, choice of "Qc;4"
Q > Qcyt so that perturbative NLO QCD ("twist-two")

theory will be applicable.
Will explore: Qg =2,3,4,5GeV



Six Series of Global Fits
to explore Range Variation of PDF’s

Data Para- | Varying
<1995 | NewDIS | Jet |meters
X m. as
X X m. Ols
X X 2+m. Olg
X X X m. Ols
X X X | 24m. Og
X X X | 24m. | Q.
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CTEQ4Al 1 0.110 2.56
CTEQ4A2 2 0.113 2.56
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Figure 15: Series-CTEQ4A gluon distributions normalized by the function x~(1 — x)".
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Figure 14: Inclusive jet cross-section of CDI" and DU compared to NLO QCD calculations

based on the new CTEQAA series of parton dieiributions.
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Collisions Hint That Quarks
Might Not Be Indivisible

BATAVIA, ILLINOIS—When two groups of
particle physicists ar the Fermi National
Accelemtor  Laboratary  announced  last
March that they had found the top quark,
they put the capstone on the current theory
of the fAmdmmental structure of newter,
called the Stanclard Model. Now, just short
of a year later, Science has learned that one o
thase proups has evidence thae condd chal

lenge the medel. During a yearkong run on
Fermilab's Tevatron particle accelermor, the
CDF collaboratin—Ilor Collider Detector
at Fermilab—observed an nlu'x|\!:(lu“1,'
farge runuber of “birnd,” or vicbesn, codlisions
between quarks, which the Stndd Mo
identifies as n fundamenta] buikding Bhiwk
of matter, “This is just the sot o clect
you wounld see.” says CDEF co spokespenon
William Carithers, “il quarks were
fundamental particles but hund some son ot
internal structure.”

“Uf feuark substracture] wastre, then
its relevance woukd he vory, very
large,” says Guido Aharelli of
CERN, the European particle
physics lrhoratory in Genevi !
But he and Carithers, who s
basedd at Laswrence Berkeley '\
National Laboratory, quickly
add that it's too soon to con-
chude that the Standard Mol -
is in sertuug dnnpger
both inside and ourside the 444-
member CDF collaboration are furiously
sorting through other, less earth-shaking
explanations for the data, which the CDF
grtoup describes in a paper subtitted 2 weeks
ago to [hysical Review Letters. They mnge
from the creation of an inknown particle
during the collisions—rthe  explnmion
Alrarelli favirs—res minen errors i Seamdbarnd
Model predictions abowt the hehavies of
quarks. Neither alternative woukl require a
major refurbishing of theory.

But if quarks do tarn out 1o have a sub-
strucrure, the discovery woubd e somethinag
of a reprise of Sit Ermest Rutherford’s discov-
ery of the atomic nucleus at the turn of the
century. Rutherford and  his co-workers
smashed positively charged alpha particles
into gold foil and noticed that there were
oo many hard collisiotns—those from which
the paricles caromed ar nearly  riphe
angles—to be explained bw a structureless
*phinn pudding” model of the atom. Instead,
Rutherford concluded, the particles must
be running itto a small, hard kernel he
called the nucleus.

I‘hr:iriﬁt:

7=

Physicists now kasw that the nucleus it-
self Thas structures first the pratons and neu-
rons making up the nuclens and, inside each
of them, three quarks immersed it short-
Hved “viraml™ guiks ol theiv antimaceer
counterparts, antiquanks. The whale quantm-
meehanical stew is held ropether by particles
cabfled phaons, Tust as Ratherford tested his
understnding of rtonic stracc ture by probing
atoms with alpha patiches, the CDF team
tested its picture of 1his stroctural hieraechy
b colliding prorons with antiprotons in the
Tevirrn, the workls st powerfol accelerator.

Mo of b colbizions were glancing. Bur
every so ohen a guark Irem one proton col-
lided bk on with o openk or pluon from the

Cbiriat o

against angle.

ather, sexxling debris ving ar a sham angle
1othe beams, I the worldof particle physics,
the muore powerfula codlision, the simaller the
Jistances it can probe. And at the energy of
the Tevarron—1.& erillien electron vols—
the delris from these Tand caollisions gave
information abar the smallest  Jistance
scales ever explooed,

The collabiearors compared the fre-
quency of the sidewavs "jets™ of debris (see
graphic} thit spewed from the collisions with
1l rl.c\li\:tiuna ol LG chramedynom
ies (QCD), the matheowatical apparatus for
calculating quatk intesactions in the Stan-
dard Model. Doven to energies corresponding
ta seales of about 2 housmisdth the size of the
profon, says Carithers, the agreement with
Q1Y was “right lang on.™ Put then the fre-
quiency of high-angle jets hegan to diverge
from theory, and ar seales 10 times smaller
the frequency af these jets was ar least 30%
higher than the prediction,

Asthiese evenis hegan (o accumulate, says
CDE co-spokespersun Giorgio Bellettini of

ECIEMCE = VOIL, 171 » 2 FERBRELIARY 1996

lege ple
T Jais, 424 Gev 3wl 371 Gav

Hatd knochs. Jeis of debris
spray al sharp angles from a pro-
ton-antiprolon colision, as
shawn in a view down the delec-
tewr (Inffy and a graph of energy

-
the Istituto Nazionale di Fisica Nucleare !
the University of Pisa in [raly, “a fiewce tigh
broke out within the collaboration overhee
to gauge the =mall chance thar sysene e
experimental errors could explain the
sults. The researchiers mnle exhanstive res
of the possikility thar a “consparacy™ of o
dom ot systematic errors might be foolin
them, says Belletrini. Finally, he savs, (e
collaboration reached a consensus that th
excess had to be renl.

Nunv they are left to explain te. Sreve Gt
a CDF tecam member ot Fermilah, deseribe
the most dromatic possibility: It mielr
mean that, just as in Rutherfoed’s arew
there’s a hard center” lurking inside the
quarks, as same speculative theories sugee«

Bur Geer puints vut that several oth-

“explanations might account for the weasin:

ments. The more mundane possibilies. b
says, has to do with how momentom is gon
CE]ed ot g IIIE components of o cprm'
ing proton. The hadest colticions oo
when two quarks than happen tocary o fud
fenction of each profoas momenne
meet head on. PBue 1the nassless b
ons con caery momenm as well -
if, say, QUD underestimates how -4
ten gluons carry a bigh fraction vkl
momentam, then the quatks they on
coamter could suffer an mnexpecr

number of vicdent collisions, and "
conld end np with more enerpetic e
than expected,” Geer says.

A more tadical suppestion !
Alwarelli andd Tierre Chinpena
CERN posits that the energetic guer!
cullisions oceasionally generare sne-
heavy particle—a cousin of the 7.
known massive pacticle thar appen
briefly in high-cnergy collisions. Th
crention of the particle would giver]
quarks another way to interact, boostine thy
collision frequency. And when it decavs 1l
pretide would speay jets of Jebeis tothe =i
of the cotlisions, mimicking anexcesenl b
collisions. The new particle might alse
phin a nagging observation made ar CER®
Researchers there have noted that the rate
which the 79 decays into hottom and chae-
quarks doesn't match theary. The 24 el
*mix” with, or transform into, ite heavn
cousin, which would alter its lifetie
might explain the Jecay rates.

The CDF team it already erinudin
through new dara to see if it can find any wo
to distinguish among these possibilities- 4.
example, by studying the detailed angl
Jdistribution of the jets, But fir now, the tear
is glad thar the ata are on their way to ol
lication and a wider group of prrricte the
rists around the world will be trvite te mal
sense of them. Says Brenna Flanghee. a1
team member at Fermilab, “This is where th
fun begins, | guess.”

—James Glar:
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Figure 4: The WAT0 direct photon data is compared to NLO QCD calculations using the
two sets of jet-fit gluons. (see text)
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Summary of New Global Analysis of PDF’s

Considerable progress has been made in determining
the hither-to-fore elusive G(x,Q) and its uncertainties

New and more precise DIS data (HERA, NMC, E665)
help narrow down the PDF’s, including G( x,0), using
the "minimal” parametrization

Inclusive Jet data in the medium p; range have
significant impact in narrowing down G(x,Q) over a
wide range of x, even with a more general
parametrization

The range of uncertainty in G(x,Q0) at Q=5 GeV due to

variations in 05, parametrization, and choice of Qcyt

in data selection are all €10 % for x < 0.3
(This is within the range of the dedicated studies of
" HERA, BCDMS, ...; but over the much wider kinematic

region.)

The uncertainty in G(x,Q) above x = 0.3 is still not well
established. More experimental input from jet
measurements (inclusive and semi-inclusive) at
several different energies will be crucial. Better



theoretical understanding of the direct photon cross-
section will be important to provide independent
constraints on G(x,Q).



