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PDFs: key nonperturbative functions for LHC predictions

According to QCD factorization theorems, typical Cross
+... sections (e.g., for p(ki)p(ks) — |Z(q) — ((ks){(ka)] X)
take the form

O pp—lIX = Z / a’&/ d&2 T gy 707 (? z Q)fafp(%l 1) forp(E2, 1)

a,b=q,q,9

+ O (Ajep/Q7)

Mo, » ,isthe hard-scattering cross section = C.Anastasiou’s talk
W/, 1) are the PDFs

B Q% = (ks + ky)?, 719 = (Q/\/5) €YV — measurable quantities

B ¢, & are partonic momentum fractions (integrated over)

B /. is a factorization scale (=renormalization scale from now on)
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Precise NLO/NNLO/N3LO QCD calculations
require equally precise PDFs

CTEQ-TEA NNLO PDFs, such as CT14 [1506.07443] and CT14HERA2
[1609.07968], are found from a global analysis of dozens of experiments on
deep-inelastic scattering, vector boson, jet, and tt production

The results of the CT14(HERAZ2) analysis are published in the form of ...

] CT14 NNLO PDFs Q;f GeV

: 5 g5 —

... 56+1 Hessian error PDFs 081 '
= in LHAPDF®6 library an_ﬁ
gﬂﬁl
0.2
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Precise NLO/NNLO/N3LO QCD calculations
require equally precise PDFs

CTEQ-TEA NNLO PDFs, such as CT14 [1506.07443] and CT14HERAZ2
[1609.07968], are found from a global analysis of dozens of experiments on
deep-inelastic scattering, vector boson, jet, and tt production

The results of the CT14(HERAZ2) analysis are published in the form of ...

4, (a) — DS"(d
Sy, r (@) _Ti(a) — D;"(a)

... 56-dim. vectors of statistical S;
residuals r; for N, 1 <i<Np

: - ns T; is the theory prediction for a
expgrlmgntal dat_a points; with . data point i, PDF eigenvector a
detailed information about the fit

= TensorFlow
Embedding Projector, _ 2
PDESense shift for a

D;"s is the expt. datum with an
optimal correlated systematic

s; Is the total (stat.+syst.)
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PDFSense: example of application
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Experimental data in CTEQ-TEA PDF analysis
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Significant CPU cost for fitting new experiments at NNLO. Experiments are labeled
according to the experimental ID’s in the CT fit. The ID’s are listed in the backup

1xx: DIS, 2xx: vector boson production, 5xx: jet and tt production.
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Given 57 CT14 predictions for a PDF f,(x, u) or
hadronic cross section o, PDFSense estimates...

...ranking of sensitivities of experimental ...kinematical distributions of sensitivities
data sets to f or o without (re-)doing to f or g in the {x, u} plane
the full global fit
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Manifolds of data residuals

Analysis flow:

GTEQ-TEA residuals
- We give you a table of . PCA
N, normalized data point A
residuals 7;(d) for every e '-'_’" .
CT14HERAZ2 error PDF . S,
[on the PDFSense website] . f.""
- You examine the 56-dim. * oy
distribution of #(d) in Prxel
PDFSense or another data ~he
analysis software T £
. LR
. ¢ -ﬂ" & .

Right: a sample 3-dim. projection of
the 56-dim. manifold obtained with
the TensorFlow Embedding Projector
(http://projector.tensorflow.orq)
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http://projector.tensorflow.org/

A PDF-dependent quantity f, such as the
Higgs cross section at 7 or 14 TeV

(ID=907, 914), defines a direction §f in the

o(gg — H°X),
14 and 7 TeV

(2)N-dim space. o | §  em

The net constraint of the i-th point on 5914
o(H), including systematic errors, is
quantified by the projection of 7; on

c_ff[a(H)], called the sensitivity S¢ ;.

Right: 300 vectors 7; of the CT14HERA2
global set whose directions are closest to o7

5f(a(H°)). These vectors are given by A " 25w "

the experiments: 253 8253

160=HERA I+Il; 101, 102=BCDMS; &y =
110=CCFR F2p; 147, 145=HERA I+l ¢, b; %@ |
204=E866 0, 253=Z pr 8 TeV, 542, 545=CMS .
jets 7, 8 TeV; 504, 514=Tevatron jets

Sensitivity of expt E = sum of 5¢; over data points in E
2018-05-08 P. Nadolsky, Pheno'2018
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| S¢ | for g(x,u), CT14HERA2NNLO

Experiments with the
highest sensitivity to

Not all these
experiments have
high correlation with

HERA DIS, fixed-
target DIS, jets have
comparable total
sensitivities
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| S; | for sig(HO), 14 TeV, CT14HERA2NNLO
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Higgs boson
production

HERA DIS still has the
dominant sensitivity!

CMS 8 TeV jets is the
next sensitive
expt.after HERA for
oy (14 TeV); jet scale
uncertainty dampens
|S¢| for jets

1.2
1.0
0.8
0.6
0.4
02 Good correlations
O with some points in
E866, BCDMS,
CCFR, CMS WASY,
Z pr and tt
production; but not
as many points with
high |S¢| in these
processes



| S; | for sig(HO), 14 TeV, CT14HERA2NNLO

p [GeV]

Higgs boson
production

LHeC pseudodata
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u [GeV]

| S¢ | for d/u(x,u), CT14HERA2NNLO
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« PDF ratio is
sensitive to flavor
symmetry breaking
in the light quark sea

. the large E866
pd/pp sensitivity
degrades at
larger x

|

. thisis a prime
motivation for
higher x DY
measurements
at E906
(SeaQuest)

107"

1

. Inclusive jet production
has potential to constrain
d/u in the near future



| Sf | for s(x,u), CT14HERA2NNLO

Npt: 4021 | 5
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« Constraints on
s(x, u) are weaker
than on the other
flavors

NuTeV, CCFR dimuon
SIDIS most sensitive

« Combined |S¢| of

CMS7+8 jet data
comparable to |S¢]

of one of NuTeV,
CCFR data sets



Ranking tables

Rankings, CT14 HERA2 NINLO PDFs
No.|Exp. ID| Nyt |32, ISF| (32 ISFD|ISZ1 (ST D151 ISED[ISg| (USg D151 (1S4 151 (ISED |I1S27] (1827
1 160 |1120.| HERA B A 3 A 3 | A 3 B C
2 111 86 CCF3 F3p C 1 C 1 3 B 1 C 2
3 101 337 BCDMS F2p C C B 3 C
4 104 123 NMC C 2 C 2 B 2
5 102 250 BCDMS F2d C C 3 C 3 C 3
6 109 06 CDHSW C 2 C 2 3 C 2 C 3
T 201 119 E605 C 2 C 2 3
8 204 184 £866 3 C 3 5 3
: i : . 1 . : i
S| 2w comen S R - N N B
CMS 8 jets '

Experiments are listed in the descending order of the summed sensitivities to

d,u,g,u,d,s

For each flavor, A and 1 indicate the strongest total sensitivity and strongest
sensitivity per point

C and 3 indicate marginal sensitivities; low sensitivities are not shown

12 169 | 9 | uErag _

13 | 567 7 tt 2| | Good perpoint S¢ , small Ny,
14 297 11 CDF WASY (2005) 9

15 | 568 5 tt 2

16 | 566 5

47| 145 | 10 | HERAD ,




Outlook for CTEQ-TEA PDFs

« Ongoing CTEQ-TEA PDF analysis

Detailed investigation of the LHC 7 and 8 TeV vector boson, jet, tt
production data suggests mild changes in the central fits, PDF
uncertainties, and precision EW observables, as compared to the
CT14HERAZ2 NNLO data set. We notice the potential of the future
ATLAS/CMS jet data, together with other LHC processes, for strengthening
the constraints on the g, s, &, and d PDFs with modest improvements in
experimental systematics and full implementation of NNLO jet cross
sections

CT14 PDFs with photon PDFs [1509.02905], intrinsic/fitted charm
[1706.00657], and Monte-Carlo error PDFs [1607.06066]

NLO calculation for ¢, b production at LHCb, ATLAS in the S-ACOT-y

scheme using MCFM/Applgrid [Campbell, P. N., Xie, in pre-publication]

Further development of programs for fast survey [PDFSense] and Hessian

reweighting of the data [ePump]

2018-05-08
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Experiments in the CT14 HERAZ2 fit

Candidate experiments in the

CTEO-TEA fit

ID# |Experimental dataset Ng |ID#|Exper'1mental dataset |.-"w'r1
101_|BCDMS Fy ['1?] 337 245 [LHCb 7 TeV Z/W muon forward-n Xsec (1.0 b~ 1) T0]| 33
102_|BCDMS F¥ [48]] 250 346 |LHCD 8 TeV Z electron forward-n do/dyz (2.0 th=1) T 17
104 [NMC Fy'/FY 49]] 123 247 |ATLAS 7 TeV do/dpy (4.7fb 1) 72| 8
108 |CDHSW F7 50]| 85 249 |[CMS 8 TeV W muon, Xsec, A, (1) (188 fb 1) 73] 33
109 [CDHSW FY 50][ 96 250 |LHCh 8 TeV W/Z muon, Xsec, A, (") (2.0 b ") 74| 42
110 |[CCFR FY 51][ 69 252 |ATLAS 8 TeV Z (d°o/d|y|udmy) (20.3 b ) 75| 48
111 |CCFR zF} 52]| 86 253 [ATLAS 8 TeV (¢ /dpFdmy) (20.3 b= 1) 76]| 45
124 [NuTeV vpp SIDIS 40]] 38 542 |CMS 7 TeV incl. jet, R=0.7, (d°c/dpydy;) (5fb 1) [34][158
125 |NuTeV pup SIDIS 40]] 33 544 |ATLAS 7 TeV incl. jet, R=0.6, (d°c/dpydy;) (4.5 fb 1) [33][140
126 |CCFR wpp SIDIS 41]] 40 545 |CMS 8 TeV incl. jet, R=0.7, (o /dp}-dy;) (19.7 fb ) [35]]185
127 [CCFR ppp SIDIS 41]| 38 565 |ATLAS 8 TeV tf do/dpy (20.3 b 1) 38| 8
145 [Hl o, (574 pb ') [63][54]| 10 566 |ATLAS 8 TeV fldo/dy_, ;. (203 b 1) W[5
147 |[Comhined HERA charm production (1.504 fb~1) 39| 47 567 |ATLAS 8 TeV ttdo/dmz (203 b T) B8] 7
160 [HERA1+2 Combined NC and CC DIS (1 fb™ ') [6] {1120 568 [ATLAS 8 TeV tt do/dys (20.3 fb™7) [38]] &
160 [H1 Fr (121.6 pb™ ") [55]] 9
| 1D+ | Experimental dataset | Ng |

201 [E605DY 56][119 N, is the number of data points

203 |ES66 DY, 0,4/ (20,p) 57| 15

201 |ES66 DY, QPd%0,,/(dQdrr) 58] 184

225 |[CDF Run-1 A.(7%) (110 pb™ ") 59]| 11

227 |CDF Run-2 A.(5%) (170 pb™") 60]| 11

234 |D@ Run-2 A, (n") (0.3 1) 61]| 9

240 |LHCb 7 TeV W/Z muon forward-n Xsec (35 pb~') [62]]| 14

211 |LHCb 7 TeV W Au (") (35 pb 1) 62 5

260 |D® Run-2 Z do/dyz (0.4 fh™ ") 63]] 28

266 [CMS 7 TeV A, (n) (4.7 b T) 64]| 11

267 |CMS 7 TeV A.(n) (0.840 b 1) 65| 11

268 |ATLAS 7 TeV W/Z Xsec, Au(n) (35 pb ") 66]| 41

281 |D® Run-2 A.(n) (9.7 b~ 7) 67| 13

504 |CDF Run-2 incl. jet (dc/dpidy;) (1.13 fb—') [36]| 7

514 |DP Run-2 incl. jet (d°o/dpdy;) (0.7 fb~") [37]| 110

535 |ATLAS 7 TeV incl. jet (d°o/dpldy;) (35 pb~ ') [68]] 90

538 |CMS 7 TeV incl. jet (d°o /dph-dy;) (5 b T) [69]]133
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Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (26) PDF parameter space

contours OfCOfISfa}?I ngfobaf

u; eigenvector in the l-direction
pli): point of largest a; with tolerance T iy ‘
Sy: global minimum p()

diagonalization and

%,

rescaling by
the iterative method

» Hessian eigenvector basis sets

(a) (b)
Original parameter basis Orthonormal eigenvector basis

A hyperellipse Ayv? < T ?%in space of N physical PDF parameters
{A;} iIs mapped onto a filled hypersphere of radius 7'in space of N
orfhonormal PDF parameters {a_}

Hessian method: Pumplin et al., 2001

2018-05-08 P. Nadolsky, Pheno'2018 19



Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (26) PDF parameter space

(b)
Orthonormal eigenvector basis

A symmetric PDF error for a physical observable X is given by

AX = 9X -, = [9] = 15, (X9 - x(0)

2018-05-08 P. Nadolsky, Pheno'2018 20



Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (26) PDF parameter space

(b)
Orthonormal eigenvector basis

Correlation cosine for observables X and Y:

o — VX VY 1 N (v(#) _ v (v _ (=)
COS ¢ = XXYAY = IAXAY Jui=l (‘X;-' — 4 ) (}@. - Y

cosp = Corr[X,Y] -- realization of the Pearson correlation
coefficient in the Hessian method

2018-05-08 P. Nadolsky, Pheno'2018 21



Correlation

Correlation between gy, /g, and f(x,Q=85 GeV)

0.5 /

10-%10-%

Correlations carry useful, but limited information
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CTEQ®G.6 [arxiv:0802.0007]:

cos @ > 0.7 shows that the
ratio gy, /0, atthe LHC must
be sensitive to the strange
PDF s(x, Q)

cos@ =~ +1 suggests that a
measurement of X may
impose tight constraints on Y

But, Corr[X,Y] between
theory cross sections X and
Y does not tell us about
experimental uncertainties

22



Solution: choose X = a shifted residual r;

sh
ri (@) = = @ SD @ are N,: shifted residuals for point i, PDF parameters d

l

Aa (C_i) are N; optimized nuisance parameters (dependent on a)

The y2?(3) for experiment E is

Npt Npt
@ =) (a>+zA @~ ) (@)
i=1 i=1

T;(a) is the theory prediction for PDF parameters a
D" is the data value including the optimal systematic shift

. A ri(@) and 1,(d)
D;"(a) = D; — Z Biala(a) are tabulated or
= extracted from

the cov. matrix =

backup slides
2018-05-08 P. Nadolsky, Pheno'2018 23
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Finding shifted residuals r; from the
covariance matrix

The CTEQ-TEA fit returns tables of r;(@) and 1,(d) for every i and «

Alternatively, they can be found from the covariance matrix:

Nyt Ny 3
ri(@) = si ) (covT)y (Ti@) = Dy),  Xa(@) =Y (cov'); Pie (13(@) - Dy)
j=1 ig=1 54 S

2018-05-08 P. Nadolsky, Pheno'2018 24



Vectors of data residuals

For every data point i, construct a vector of

residuals r;(d@;) for 2N Hessian
eigenvectors. k=1, ..., N, with N = 28 for
CT14 NNLO.

For example define
5 - {511' 10 - lN’ lN} [N = 28]
5iJ,_rk = (ri(&,;) — 7”i(ao)) /{ro)E

-- a 56-dim vector normalized to (ry)g, the
root-mean-squared residual for the
experiment E for the central fit a,

Npt -
— 1 - 2,2 X]?‘ (aO)
(ro)g = N 1 (ag) = N
Pti pt

(ro)r = 1 inagoodfitto E

CTEQ-TEA residuals
. - PA

The TensorFlow Embedding Projector
(http://projector.tensorflow.org) represents

CT14HERAZ2 51' vectors by their 10 principal
components indicated by scatter points.

A sample 3-dim. projection of the 56-dim.
manifold is shown above. A symmetric 28-
dim. representation can be alternatively
used.

2018-05-08 P. Nadolsky, Pheno 2018 25
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Manifolds of data residuals

CTEQ-TEA residuals
2 oo, * - POA

The 2N-dimensional distribution of §; is o M

easy to analyze with data-mining tools...

...to sort the fitted data points according to
their PDF dependence (expressed by

lengths and directions of ci-); 35.9

...to identify high-value data points (having

long §i that point away from the rest of
vectors).

Some projections separate DIS, DY, jet
and tt data residuals according to their
PDF dependence.

2018-05-08 P. Nadolsky, Pheno'2018 26



Correlation Cr and sensitivity S¢

The relation of data point i on the PDF
dependence of f can be estimated \77"1'

by: \

g . . (ro)E?
* (; =Corrlp;()), f(a)] = cosgp “
Bi = Vri/(ry)g - gradient of r, normalized to
the r.m.s. average residual in expt E;

(7r),, = (n(@) - r(@)/2 vt

Cr Is independent of the experimental and PDF uncertainties. In the
figures, take |C¢| = 0.7 to indicate a large correlation.

- A i . . > o =
* S; =|pilcosp = C; (;';E -- projection of g;(d) on Vf

(T,
S¢ Is proportional to cosg and the ratio of the PDF uncertainty to the

experimental uncertainty. We can sum |Sg|.
In the figures, take |S¢| > 0.25 to be significant.
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Points with |C¢| > 0.7, |S¢| > 0.25 for g(x, 1)

Cr does not identify fixed-target DIS points sensitive to g(x;, ;). But Sy does.

Corr. syst. errors smear Sy over many data points for jet production, etc. Z pr data
(blue arrow) have high |C¢| and |S¢|, a small number of points.

| C; | for g(x,u), CT14AHERA2NNLO | S¢ | for g(x,u), CT1I4HERA2NNLO
Npt: 4021
m_a 1
mghllgme;t[angg___L______,___J- _____ rE’ _f
|cf| > 0.7
i ;gg EWE:— —————————————————————————————————— AT
B e e P LML, Rl et
doso
0

1 1
1072



The underlying geometrical picture
S¢ Is a projection of a .
residual gradient V'r; VT
onto the direction for V. (ro)e

S¢ captures a small part
of information about the
28- (or 56)-dimensional Vf

population of l7rl- for 4000
data points

PDFSense can export the normalized \7ri vectors
(specifically, (r; ,—1;0)/(r0)g fori =1,4000; L = 1,56) in the
.TSV format to analyze the whole population of |7ri using
machine learning tools
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ensorkFlow Embedding Projector

http://projector.tensorflow.org
Reads 2 .tsv files with Vr;/(r, )z vectors and metadata (descriptions of data points)

GTEQ-TEA residuals CTEQ-TEA residuals
PCA T-SNE

- E
Principal Component Analysis t-distributed stochastic neighbor
(PCA) visualizes the 56-dim. embedding (t-SNE) sorts Vr;/(ry)z
manifold by reducing it to 10 vectors according to their similarity

dimensions (a la META PDFs)
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CTEQ-TEA residuals

i SlB0160
\ o
A o0

DIS "
HERA1+2
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CTEQ-TEA residuals

-
ke

*. ’.f'é ;l )
- e
:?l’ - L
J . S

ATLAS 7 Tel,
CMS 7/8 Tel
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CTEQ-TEA residuals

Charm SIDIS
HERA1+2
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PCA

DIS
GGFR,NuTe¥
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u [GeV]

Visualizing LHeC constraints

| S¢ | for u(x,u), CT14HERA2NNLO
LHeC pseudodata from

3 .
107¢ i T i AR M. Klein and V. Radescu
: ' Future: : : (Vs = 0.49,1.3 TeV;
-Npt:478--------- ST Tt T a e | ~1. -
- . DIS @ LHeC . - L =0.1ab™"; 1 year of running)
B | | B nEaiee.
B | | | | N NG .
highlighted range: e omom Sktiacies
2 [ I I ___:_ ________ .: _______ Qh&“l__ﬁw
N : | ! S _ 1.2
T s e R Rl IE
i E E .1: . Q“: . n.q..: LIW Sy 0.8
\ : m ¥ b %% % eieeee 0.6
SR R R B B R I
N a Wy n ey *lm *.* »od
: : . = “ oo 0.2
T el [
B : A A: 'y - ﬂ: A *. 0! * * :
B E . . ‘E “ - .i - - .i . E ‘ID#|LHEC pseudodata set ‘Np: ‘Fig. 8 symbol
i : | : : : 191 [CCep 93 circle
- A A "% 4 *i LR Y *i A * * |
! ! ! - ! ! 192 [CCep lower 109 square
- T A O S ! 193 [NCe™p 128 diamond
: : : : : 194 |[NCe'p upper 148 triangle
1 | 1 |\||\|| | | ||\|||I | | \|||||I 1 1 ||||\|| | | \l\\lll | Lol
10° 10° 10" 10°  10° 107 1 34
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u [GeV]

Visualizing LHeC constraints
| S¢ | for d(x,u), CT14HERA2NNLO

Exceptional sensitivity in CC

3 T T L
107 . | " DIStod(x) atx - 1!
~-Npt: 478----- -~ AL FAR e Sane | . .
i DIS LHeC ! Great potential to constrain
X ™ n. niifim
. o d(x)/u(x) atx - 1,
o ! ! R L e i comparisons
107 |S;| > 0.25 | ’. 4 “""3
- ! ! N TR B
L ! ! ! ! ] 1.2
. AR jromomoee Poontteo "ok aaTd iauiia] [l 1.0
i y iotiw b Mmcim i iimes 0.8
. ‘i ’u' %, 4t im 0+ 00000+ 0.6
- : . | . .' 0.4
! ;™ m =%l et o 0.2
S A e el [
: A A A » 0; *
: A: A * 04 *s i Q: *i * & *
i A 4] a % 4 6 NG wu & e o
1 | | \IIIIII | | I\Illli | | ||\|\|| | | \II\I\I | | I\IIIII | Lttt
107° 107° 107 1073 1072 107" 1

2018-05-08 X
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u [GeV]

Visualizing LHeC constraints
| Sf | for s(x,u), CT14HERA2NNLO

103 :
: S -
~Npt: 478 - uture:
i DIS @ LHeC K
e e
highlighted range: e s
2 I ) - _:_ ________ |: ——————— o —.-: ------- = MR
s[> 025 | ’: .
: E n %ats ‘e ‘%
i N -1: n mem ‘im M ‘i ceesemane
! ! n R IE *s %a‘im ~ Sl Ol s sescemane
T S— A TS P P S A S -
B : A A A * MI A
: E A A A L 2 'y 4I. 4
L 4.: A * *i *A 4' LY
B A AE A * Oi *A o 01:, 4 * :
1 | | \IIIIII | | I\Illli | | II\I\Ii | | \II\I\I | | I\IIIII | L L1l
107° 107> 107 107° 1072 107" 1
2018-05-08

X

Some sensitivity to s(x, u) at
x < 0.1, u<40GeV

Current data are insensitive
to T5(x,u) and Tg(x, u) at
x <1073, 0 < 10 GeV

1.2

1.0 = All u, d, S

0.8 (anti)quark Sy are
%6 roughly the same
o t such {x, Q}

0.2 a ’

0
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u [GeV]

Visualizing LHeC constraints
| S | for g(x,u), CTI4HERA2NNLO

103 ¥
B F t ' | T
. . uture: :
B Npt--4=78 __________ LT T T T T TN s mmans, |
" DIS @ LHeC :
~ 1 y m, mal ik
. : : : o ot
highlighted range: 4 heea,
2 [ I I ___:_ _________ : _____ ® :__ g5 TIY
r— 1 g - .—‘ wwwwwww
10 " |Sf| > 0-25 ! 4| 1 |
L . . ! LA *in *.5 s oy [
I T P Lo e S ]
L : oM o) o ’-: S R
N L m, *a* é ll g ET TN
| m oE n *m* ‘e .l: ........ 4
L m o %% %t 'O s secsemes =
T Y] S A SR P S L S
B A A L Y 04| L L *
: A A A b L 2 qu. A b G4 * >
N i A “w e e o 4 @ e e o
N A A A * 4 L Y o 4 * & *
1 | | \IIIIII | | I\IIIII | | ||\|\|| | | \II\I\I | | I\IIIII | L L1l
10° 10° 10" 10  10% 107 1
2018-05-08

X

Good sensitivity to
g(x,Q)atx <1072

Similar {x, u} maps for u, d

1.2
1.0
0.8
0.6
0.4
0.2
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CTEQ-TEA group

CTEQ -- Tung et al. (TEA)

* iIn memory of Prof. Wu-Ki Tung, who established CTEQ
Collaboration in early 90's.

Current members:

o Sayipjamal Dulat, Tie-Jiun Hou, Ibrahim Sitiwaldi
(Xinjiang U.)

e Jun Gao (Shanghai Jiaotong U.)

e Marco Guzzi (Kennesaw State U.)

« Pavel Nadolsky, Tim Hobbs, Keping Xie, Bo-Ting Wang
(Southern Methodist U.)

e Joey Huston, Jon Pumplin, Carl Schmidt, Dan Stump,
Jan Winter, C.-P. Yuan (Michigan State U.)
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