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-
CTEQ6.6 analysis is near completion

Noteworthy (anti)correlations

Why so soon?

ot
Range of PDF uncertainties (CTEQ6.1)
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B additions to, and improvements
over the CTEQO6.5 analysis
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B some changes in predictions for
heavy-flavor scattering, LHC cross
sections
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B exploration of PDF-induced : —
correlations between LHC 41CTEqe.L POFs
observables - (.
= important for the monitoring of
parton and collider luminosities,
determination of new physics i
parameters
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-
CTEQ6.5 gIObql GhQ'YSiS (Jon, Liang, Wu-Ki, and collaborators)
PDF’s of the CTEQ6.5 family released in late 2006; major
advances compared to the CTEQO6.1 set

B full implementation of general-mass el e
“simplified ACOT-y“ scheme

(Tung et al., hep-ph/0611254; Aivasis et al.; Collins, 1998; Kramer, Olness, & usl- -7 ™ d

Soper; Tung, Kretzer, Schmidf; ...)

A conseguences for observables ]
sensifive to ¢ and b quark scattering, B ST R IO |
especially F5°(x, @2)

A changes in light-quark (u,d) PDF’s . j
caused by reduced charm - J /
contributions to DIS neutral-current data :

Ratio to CTEQS.1

A differences from zero-mass (CTEQ6.1)
predictions at the LHC
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-
CTE Q6 . 5 g IObq I q n q IYSi S (Jon, Liang, Wu-Ki, and collaborators)

B a detailed investigation of strangeness degrees of freedom

probed by NuTeV and CCFR datQ (u.-L Laiet L, hep-ph/o702268)

A the ansatz s(x) « T(x) + d(x) for
(anfi)strangeness PDF’s is discarded in

favor of independent parametrizations

for s(x), s(x)

A possibility of s(x) # s(x) explored

As(X) = 5(x) is compatible with the

existing data

A NLO predictions for processes sensitive
to s(x) (PO’ — WX, pb” — HyjgeX)

B A study of “intrinsic charm” scenarios

(J. Pumplin et al., hep-ph/0701220)
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-
Developments since CTEQ6.5 = CTEQ6.6

B NNLO evolution and DIS Wilson coefficients in the SACOT-y
scheme is for the most part implemented wong

» public fits sfill done at NLO

» small differences between the old and new codes

B Independent strange PDF’s are included in the
general-purpose PDF set

s(x) = 3(x) = ApxM (1 — x)™ at @ = 1.3 GeV
Ag, A, free; A, the same as for U and d
B 22 free PDF parameters (vs. 20 in CTEQ6.1 and 6.5)

B extended xrange (1077 < x < 1)
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CTEQ6.6 PDF’s

Dashes: CTEQ6.1M

it T m BT T 20mrTT T

gluon at u = 3.16GeV

sbar ntu— 3.16 GeV

\I

Ml
“H |||||||||| i

| I
W
0. E

0ot 0102 06 1 2 3 4 567891 w‘- 102 05 2 45087801

Ratio to CTEQ6.6
Ratio to CTEQ6.6
Ratin to CTan.s

B CTEQ6.1 u. d are below CTEQ6.6 by 2-3% at x ~ 10-3;
below CTEQ6.5 by up to 4%

B very different strange PDF's
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Improved agreement with FQC"b (x, @) and

o%P(x, Q%) data
using the updated CTEQ NLO code

| Experiment | Npt | v*(CTEQ6.5M) | v*(CTEQ6.6M) | Ay? |

HN+67F2¢ 8 13.5 7.5 -6

HN+90X0c | 10 16.4 14.1 -2.3
IN+67F2c | 18 26 14.2 -11.8
IN+80F2c | 27 35.1 17.8 -17.3
HN+90X0b | 10 15.4 6.2 -9.2
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Tevatron and LHC cross sections

o+60ppr in units of c(CTEQB6M)

Tevatron Run—2, NLO o+60ppr in units of o(CTEQ66M) at LHC
KnnLo
W e = CTEQ6.6 W e e = CTEQ6.6
w- = — * CTEQS6.1
20 —k— Q6.
—R— * CTEQS6.1 20 |
WH(120) [ SN gg—>H(120) e,
.,
ZH(120) e B Wi e
W~H(120) T
gg-H°(120) ——e H*(200) ——m——
085 09 095 1 1.05 1.1 1.15 1.2 1.25
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B NLO calculations using ResBos, WTTOT, MCFM
B CTEQO6.5 and CTEQ6.6 cross sections are qualitatively same
B At LHC, oy (CTEQ6.6M)~ 1.060y ,(CTEQS. TM)

» reflects a 6% increase in light quark luminosities
Lqgg (X, X, Q) = qi(x1, Q)gi(x, Q) at relevant x and

finer differences with CTEQ6.5 in precision predictions for
production, strange-quark scattering
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-
Impact of charm contributions to DIS at HERA
. h

Doshes CTEQb 1 M

B W,Z production at the LHC: x ~ 1073 — 102

W Suppression of charm contribution to F,(x, @) in the GM-VFN
scheme results in larger U'(x), &’ (x) at small x = larger oW

6Qight(X)/ Qight(X) = 3% = 0Lqq/Lqga = 2(6Qignt/Aight) = 6%

Ratio to CTEQ6.6
Ratio to CTEQ6.6
Ratio to cTEQﬁ.n
Ratio to CTEQG.&
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Tevatron and LHC cross sections

o+60ppr in units of c(CTEQB6M)

Tevatron Run—2, NLO o+60ppr in units of o(CTEQ66M) at LHC
KnnLo
W e = CTEQ6.6 W e e = CTEQ6.6
w- = — * CTEQS6.1
20 —k—— Q6.
—R— * CTEQS6.1 20 |
WH(120) [ SN gg—>H(120) e,
+
ZH(120) e B Wi e
W~H(120) T
gg-H°(120) e H*(200) e
085 09 095 1 1.05 1.1 1.15 1.2 1.25
085 09 095 1 105 1.1 115 1.2 1.25

NLO calculations using ResBos, WITTOT, MCFM
CTEQ6.5 and CTEQ6.6 cross sections are qualitatively same
At LHC, (CTEQ6.6M) (CTEQ6.1TM)

Bl finer differences with CTEQ6.5 in precision predictions for W/,
Z production, strange-quark scattering
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-
“Standard candle” processes: W, Z, 1 production

B Cross sections for pp — W*X, pp — Z°X at the LHC can be
measured with accuracy éo /o ~ 1% (fens of millions of
events even at low luminosity)

B These measurements will be employed to monitor the LHC
luminosity in real time and tightly constrain PDF’s oitmar, pauss,

Zurcher; Khoze, Martin, Orava, Ryskin,; Giele, Keller’;...)

We will see that 1 production may also potentially become a
calibration process at the LHC because of its strong
anticorrelation with Z production
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-
W and Z rapidity distributions at NNLO

(Anastasiou, Dixon, (Iz\ﬂe)lr)zikom Petriello, 2003)
PP = Y )+

pp —» W+X
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B Tiny scale dependence (~ 1%)
B For|y| < 2, NNLO leads to a uniform rescaling

N . plHC
onnLo =~ Knneo - oncos Knnio = 0.98

B Larger corrections at forward rapidities
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W and Z cross sections at the Tevatron
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W* & Z cross sections at the Tevatron Run-2
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B The ellipse corresponds to Ay?2. .4 = 100 (not a90% c.l. 1)
B sfrong correlation between o, and o

B CTEQO6.6 more or less agrees with CTEQ6.1 and 6.5, MSTW 06

Pavel Nadolsky (MSU)
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-
W and Z cross sections at the LHC

W* & Z cross sections at the LHC

2% WH* & Z cross sections at the LHC )
NNLL-NLO ResBos NNLL-NLO ResBos
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B CTEQO.6 ellipse is shiffed along its minor axis compared to all
other CTEQ sets (differences in s, ¢, b sectors)

B MSTW’'06 moved higher toward CTEQ6.5M compared to
MRST'04
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-
W and Z cross sections at the LHC

Tiot(PP—>(Z°~>£0)X) (nb)

W* & Z cross sections at the LHC
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B fthe latest PDF’s are in a better overall agreement than a

year ago
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Correlations and ratio of W and Z cross sections

W* & Z cross sections at the LHC
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Radiative contributions, PDF dependence have similar structure
in W, Z, and alike cross sections; cancel well in Xsection ratios

A. Cooper-Sarkar, 2007
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Correlations and ratio of W and Z cross sections

W* & Z cross sections at the LHC

. o(2)/(o(W+) + a(W-))
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2.15 NNLL-NLO ResBos
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Somewhat surprisingly, the remaining PDF uncertainty is mostly
due to s(x)

A. Cooper-Sarkar, 2007
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Correlations between physical observables
through PDF degrees of freedom

Misleadingly simple questions

1. Why are variations in o, and o strongly correlated?

2. Since both W and Z are mostly produced in light-quark
scaftering, is their PDF uncertainty mostly coming from
light-quark PDF’s?

3. How can we test this?

Answers can be found by systematically studying correlations in
the PDF parameter space

Pavel Nadolsky (MSU) CTEQ workshop November 9, 2007 15



-
An inefficient application of the Hessian method

1380

@Compu’re oy for 44 extreme E
PDF eigensets T 1

= 'O.T %0 0%,.0008%0
+ ® '\ ® e .!
@Find eigenparameter(s) §ma %o, -‘. JSeieT e
producing largest variation(s), Ew
such as #4 or 8 ® 1260

10 15 20 25
PDF eigenparameter

@Check that the same eigenparameters produce largest
variations in o

@IT is not obvious how to relate abstract eigenparameters to
physical PDF's u(x), d(x), efc.
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Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (22) PDF parameter space

contours of constant nglabal

u,: eigenvector in the l-direction
p(i): point of largest a; with tolerance T &7

(i) Sy global minimum

diagonalization and

rescaling by
the iterative method

a;
« Hessian eigenvector basis sets

(a) (b)

Original parameter basis Orthonormal eigenvector basis

An ellipse y? — v2. < T? in space of N physical PDF parameters
{g;} is mapped onto a hypersphere of radius T in space of N or-
thonormal PDF parameters {z;}

Pavel Nadolsky (MSU) CTEQ workshop November 9, 2007 17



Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (22) PDF parameter space

(b)

Orthonormal eigenvector basis

PDEF error for a physical observable X is given by

1 I

DX =VX - Zm = |VX| = ;\/Z,N_] (X4 —x)2
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Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (22) PDF parameter space

(b)

Orthonormal eigenvector basis

Correlation cosine for obbservables X and Y:
_ VXYY _ 1 N (+) (=) (+) (=)
COSY = FXAY = Z&XAY ie] <X/ =X ) <YI —Y )
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Role of the correlation angle
Determines the parametric form of the X — Y correlation ellipse

X = Xg+AXcosl
Y = Yo+ AYcos(f+ p)

cosp ~ 1 cosp ~ 0 cosp ~ —1

AY , AY
I
4
I
|
I

N\
/ AX _ _i/AX :\AX

COSp =~ +1:

Measurement of X imposes el constraints onY
cosp~0:

loose
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-
Types of correlations

X and Y can be

B two PDFs f1(x;, &) and f(xp, &)
(plotted as cos ¢ Vs x7 & Xxo)

B a physical cross section o and PDF f(x, Q) =7
(plotted as cos ¢ vs x) i -

B two cross sections oy and oo N :r}

Pavel Nadolsky (MSU) CTEQ workshop November 9, 2007 19



Correlations between fi(x;, Q) and f(x,, Q) at
Q = 85 GeV

Pavel Nadolsky (MSU) CTEQ workshop November 9, 2007 20



Correlations between 7(x;, Q) and f(x;, Q) at Q = 85 GeV

h(x, Q) vs. f1(x, Q) f(x1, Q) vs. (X, Q)

Correlations between CTEQ6.6 PDF's

Correlations between CTEQ6.6 PDF's

N

)4 10° 001002 005 01 02 05 07

001002 005 01 02 0507
x Xin f2at Q=85. GeV

in f1at Q=85. GeV

Cos ¢

=il -05 0 0.5 i,

Can you guess which PDF’s these are?

21

Pavel Nadolsky (MSU) CTEQ workshop November 9, 2007



Correlations gs'rweenf @§2 ) and f(x,, )Gb%(f c\;/gVQ(XQ,@)

CTEQ6.6 PDF's orrel jeen CTEQ6.6 PDF's

10° 0
10%0¢ 10° 001002 005 01 02 0507 10504 10° 001002 005 01 02 0507
xin flat Q=85. GeV/ xingatQ=85. GeV

Correlation patterns look similar for g, ¢, b PDF’s (no intrinsic
charm herel)

bvs. b CVs. g

bvs.
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Correlations between 7(x;, Q) and f>(x,, Q) at Q = 85 GeV

avsu svs uat Q=2 SVS. g

Cortelations betueen CTEQ6.6 PDF's Correlations between CTEQS6 PDF's

A

001002 005 01 02 0507

Correlations between CTEQ6.6 PDF's

xins
a1Q=2.Gev

5 L
10°04 10° 001002 005 0.1 02 0507
Xinuat Q=85. GeV xinatQ=2. Gev

i m

=il -0.5 0 0.5 1
Sometimes there is a clear physics reason behind the correlation
(e.g.. sum rules or assumed Regge-like behavior); sometimes not
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Correlations between g(x;,2 GeV) and g(x,, 85 GeV)

Correlations between CTEQS.6 PDF's

Gluons at @ = 85 GeV are
correlated with gluons at @ = 2
GeV and larger x because of
DGLAP evolution

001002 005 01 02 0507
xingatQ=2. Gev
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Correlations between W, Z cross sections and PDF’s

Correlation

Correlation

05
JF2e VAN
-05

Tevatron Run-2

CTEQS.6: correlation between o and f(x,.Q=85. GeV)

pP-2X, V5=1.96 TeV —_—

-1
10°10¢  10° 001002 005 01 02 05 07
x

CTEQS.6: correlation between o and f(x.Q=85. GeV)

PhWX, VE-196 eV —~_

-1
1010 10 001002 005 01 02 05 07
x

Pavel Nadolsky (MSU

Correlation

Correlation

Correlation between 3(LHC) and f(x.Q=85. GeV)

-1
10°10¢ 107 001002 005 01 02 05 07
x

Correlation between aw: (LHC) and f(x Q=85. GeV)

001002 005 01 02 05 07
x

ovember 9, 200
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A surprising discovery
LHC Z, W cross sections are strongly
correlated with g(x), c(x), b(x) at :
x ~ 0.005

.. they are strongly anficorrelated
with processes sensitive to g(x) at
x ~ 0.1 (tt, gg — H for My > 300
GeV)

Correlation between oz(LHC) and f(x,Q=85. GeV)

Correlation

001002 005 01 02 05 07
x
CTEQS.6: correlation between 7o and f(x Q=85. GeV)
CTEQS.6: correlation between s  and f1,Q=85. GeVL oPh500X, V514 TeV

ppfi X, S=14Tev
mE=nFL71 GeV

Correlation

Correlation

-1
1 105104 10 001002 005 01 02 05 07
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T
tt vs Z cross sections at the LHC

29 vs tt production at the LHC at NLO

m=nF171 GeV

. CTEQ66,

Shbp- >HO- >e*e IXLHIbL

0.82 0.84 086 0.88 0.9
S tothBp- >ttXLHIbL

Measurements of o,z and ¢ probe the same (gluon) PDF
degrees of freedom!

To efficiently utilize this feature, we need an NNLO calculation for
1t to reduce scale dependence
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1t cross sections (CTEQ6.6, MCFM)

t thar predictions at Tevatron

cross section in pb

cross section in pb

CTEQ6.6
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Uz/O'W at the LHC

Correlation between oz /ow- (LHC) and f(x,Q=85. GeV)

1

05 /

Correlation
o

—_—
=i
10°10% 10 0.010.02 0.05 0.1 0.2 05 0.7

X

The remaining PDF uncertainty of order 0.5 — 1% in o7 /oy is
mostly driven by s(x); may potentially increase if fixed
parameters in existing parametrizations of s(x) are released
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T
Conclusions

B CTEQO.6 study confirms most findings of the CTEQ6.5
analyses; predicts some differences in cross sections for
heavy-flavor scattering, LHC EW precision physics

B Free parameters in CTEQO6.6 strange PDFs probe a new
direction in the PDF parameter space, affect predictions for
strange-quark scattering, o7 /oy at the LHC

B Analysis of correlations in PDF parameter space is a powerful
technique to understand relations between physics
observables through shared PDF degrees of freedom

B At the LHC, CTEQ6.6 1 cross section is anticorrelated with Z
cross section via the gluon PDF; can potentially be used as
an additional observable to monitor the LHC luminosity
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