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e
Two sets of CT NNLO error PDFs

1. CT10 NNLO eigenvector set
Available at hitp://mep.pa.msu.edu/cteaspuviic/ctio_2012himi; iS DeiNG submitted to

LHAPDF; main focus of this talk

Complements the CT10/CT10W NLO PDF sets «aiet al. pros2, 074024 2010y

B Includes only “pre-LHC” CT10 data. Can be used to predict
LHC cross sections based on pre-LHC experimental inputs

B Same input parameters, functional forms for input PDFs as in
the CT10 NLO PDFs

> a,(Myz) =0.118 4+ 0.002, mp°' = 1.3 GeV, m}”'® = 4.75 GeV
» Simpler assumptions about the PDF flavor composition af
po = mkee =13 GeV, e.g., ii(x)/d(x) - 1asz — 0

B Updated Ny = 3 and 4 NLO sefts. The world-average
as(Q, Ny = 5) is converted 1o a,(Q, Ny # 5) at Q = m, or My
and evolved with N, # 5 to other @ values
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e
Two sets of CT NNLO error PDFs

2. CT12 NLO and NNLO eigenvector sets

To be released within a few months

B Include LHC W and Z rapidity data, ATLAS and CMS jet data,
HERA'2011 F;, data

B Updated ag, m., my values

B Flexible d/u ratio at  — 1, updated (s + 5)/(u + d) at z < 1072

» Constrained by the LHC W/Z rapidity distributions
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-
CT10 NNLO error PDFs (compared to CT10W NLO)
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-
CT10 PDF sets: the naming conventions

B Two NLO PDF sets, without/with Tevatron Run-2 data on W
charge asymmetry Ay

CT10 NLO does not include

CTIOW NLO includes 4 Pre bins of DO Run-2 4, data

= CT10 and CT10W sets differ mainly in the behavior of
d(z,Q)/u(x,Q) at z > 0.1

B One NNLO PDF set: only 2 inclusive pr, bins of DO Run-2 A,
data are included that have smallest theory uncertainties

B The NNLO set is a counterpart of both CT10 NLO and CT10W
NLO. It uses only a part of the A, data sample that
distinguishes between CT10 NLO and CT10W NLO.
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Striving for NNLO accuracy in the PDFs

B So far, only “partial NNLO” global fits exist. For some fitted
processes (inclusive jet production, CC DIS with m, # 0),
QCD conftributions are known only to NLO. NLO EW
contributions, power corrections, other systematic errors
may be comparable to NNLO QCD effects.

B CT10 "NNLO” PDFs underwent validation studies for about
one year. We identified several types of uncertainties that
compete with NNLO QCD confributions.

B CT10 NNLO and NLO PDFs produce about the same
x? /Ny =~ 1.05 — 1.10 for N, = 2700 data points

B Shapes of the NNLO PDFs have noticeably evolved
compared to NLO as a result of O(a?) contributions,
updated electroweak contributions, revised statistical
procedures
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CT10 NNLO central PDFs, as ratios to NLO, @=2 GeV

Ratios of CT10 NNLO and CT10W NLO PDFs, Q=2 GeV ' g
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1. At 2z < 1072, O(a?) evolution suppresses g(z, Q). increases ¢(z, Q)
2. ¢(x, Q) and b(x, Q) change as a result of the O(a?) GM VFN scheme

3. Atz > 0.1, g(z,Q) and d(z, Q) are reduced by revised EW couplings,
alternative tfreatment of correlated systematic errors, scale choices
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CT10 NNLO central PDFs, as ratios to NLO, =85 GeV

Ratios of CT10 NNLO and CT10W NLO PDFs, Q=85 GeV I
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CT12 NLO predictions for LHC jet production

ATLAS single-inclusive jet production camiv:11126297; FOSTNLO 2; R=0.6;
x?/Na.o.r = 0.72(0.98) for CT12 NLO (CT10 NLO)

—  CT12PDFerror 0<lyl<0.3  ATLAS inc. jet (R=0.6) —  CT12PDFerror 08<lyl<1.2  ATLAS inc. jet (R=0.6)

- CT10 PDF error

- CT10 PDF error
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CT10 NNLO PDFs compared to MSTW NNLO

Ratios of CT10 and MSTW NNLO PDFs, Q=2 GeV I
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=
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1. CT10 gluon and quarks are harder at = — 0;
g(z,Qo) >0at10° <z <1

2. The CT10 strange PDF is larger at 2 ~ 1073
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Predictions for production of electroweak bosons
NNLO cross sections
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Details of the CT10 NNLO computation

B NNLO hard-scattering contributions in DIS (in the S-ACOT-y
mass scheme) and vector boson production (NNLO K
factors from FEWZ for do /dy; NNLL/NLO+K from ResBos for W
charge asymmetry)

B NNLO evolution for a; and PDFs (HOPPET)

» matching coefficients relating the PDFs in Ny and Ny
schemes (Smith, van Neerven, et al.)

B Pole quark masses or /1S quark masses as an input
» CT10 NNLO: pole masses m. = 1.3 GeV, m;, = 4.75 GeV
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Neutral-current DIS in S-ACOT-y scheme at NNLO

M. Guzzi, PN, H.-L. Lai, C.-P. Yuan, arXiv:1108.5112 (hep-ph)

Objectives

B elucidate fundamental

principles that a viable GM | Srueurefurslos e
scheme must satisfy S ‘: -
Emodify the QCD factorization -~ .. .~
theorem for DIS with massive = S e
quarks (Collins, 1998) to satisfy ]: E ]: L ;
momentum conservationin all = 7 A
heavy-quark scattering ‘
channels

B provide algorithmic NNLO scattering contributions

implementation of NNLO
massive contributions, in close
analogy fto the ZM scheme
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S- ACOT-X scheme: merging FFN and ZM

0.25———

S-ACOT-y NNLO
FFNS Nf=3 NNLO
— — - ZMNNLO

~ =
=12 -
811 g - = -
PR e — —
e 09 T ]
=08 /
g0t
€ 0§
5 2 3 5. 7 10
Q (GeV)

Les Houches toy PDFs, evolved at NNLO with threshold
matching ferms

O(a?) flavor-creation
contributions with m. # 0 are
included exactly (based on the
calculation by Riemersma, Smith,
van Neerven, PL B347, 143 (1995))

The implementation will be
made available in HERA FITTER

A complementary calculation
(a “hybrid mass scheme”; exact
O(as) massive ACOT terms +
approximate O(a?) and O(a?)
massive terms) has been
published by Stavreva, Olness,
Schienbein, et al., arXiv:1203.0282
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Efforts to reduce differences between NNLO fits
1. Benchmarking comparisons of the fitting codes
1.1 Benchmarks for inclusive DIS cross sections
(with S. Alekhin, A. Glazov, A. Guffanti, J. Rojo)
= importance of subleading/NLO EW effects
1.2. Benchmarks for NLO jet production calculations
(J. Gao, Z Liang at SMU + J. Rojo representing ApplGrid)
= effect on the large-x gluon PDF

2. Re-examination of correlated systematic uncertainties from
both theory and experiment (cf. also Jun Gao’s talk)

PDFALHC is an ideal venue to complete these efforts, extend to
NuTeV dimuon cross sections,etc.
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1.1. Benchmarking of ~*Z interference of NC DIS cross sections

CTEQ implementation of the +*Z interference terms in NC DIS is
based on the helicity formalism (Aivazis, Olness, Tung. 1994). It shared
definitions of EW couplings with vector boson production.

During the benchmarking, we modified the Z boson couplings
to comply with the formulas for NC DIS in the combined HERA
analysis arxiv:0911.0884).

The revised CTEQ code was compared at ZM LO against
another code (A. Guffanti). Excellent agreement was reached.

This modification reduced G(z, @), g(x, Q) at = > 0.1 in CT10 NNLO.
Subleading EW contributions are relevant in this case.

Pavel Nadolsky (SMU) PDFALHC meeting 05/23/2012 16



1.1. Benchmarking of NC DIS cross sections

Chi”*2 contributions to the combined
HERA NC DIS data set
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Point-by-point contributions to y? for the combined HERA NC DIS set at
/M LO in the CTEQ code and alternative code (A. Guffanti). Some
differences between two codes were observed at large Q. in the (z, Q)
region where experimental errors also increase. Differences become
practically zero after the benchmarking.



1.2 Benchmark comparison of NLO jet cross sections

J. Gao, Z. Liang, P. N., in 2011 Les Houches Proceedings, arXiv:1203.6803;
in collaboration with D. E. Soper, H.-L. Lai, C.-P. Yuan

Benchmarking of NLO cross
sections for inclusive jet and dijet
production is needed to
understand theory uncertainties at
the LHC (including significant scale
dependence at largest p)")

It is also a preparation step toward
the NNLO calculation for jet
production
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Modified EKS program (oublicly available)

CTEQ fits have been using the EKS program, which realizes an
NLO calculation for single-incl. jet and dijet production by S.
D. Ellis, Z. Kunszt, and D. E. Soper ert 9, 1495 (19921

We modified the EKS code to calculate NLO jet cross sections
more efficiently, with flexible input and output formats, and
provide them in “almost differential” finely binned tables.

Other available programs include NLOJET++ @ nagy. pre ss, 122003 2002 |,
FOSTNLO «iuge et. o, hep-ph/osoo2ss), POWHEG caio et. at, JHeP 04081 2011, APPRIGTId

(EPJC66, 503 (2010))

We identified specific conditions needed to reconcile MEKS and
FastNLO outputs. For very specific settings of the jet algorithm,
recombination scheme, jet frigger, QCD scale choices, MEKS
and FastNLO show excellent agreement at most 37¢, pJTet, and
M7,

Pavel Nadolsky (SMU) PDFALHC meeting 05/23/2012 19



Comparison of MEKS and FastNLO 1.0
Dijet production: excellent agreement at both the Tevatron and LHC
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The choice of scale in jet production cross sections

The “jetf pr “ may refer to the “pp
of the leading jet in an event”,
" of each jet in each pr bin”,

“average pr in each pr bin 1.15f
(FastNLO 1)“, or “pr of the 110k

leading jet in each bin (ATLAS)”.
Differences resulting from these
definitions are comparable to
NNLO/PDF uncertainties.

1.00
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CT10 NNLO/CT12 PDFs use oscf

pr = pr = (p1)pin ANA FAstNLO 2 0.85

(implemented as an alternative P

to the K-factor lookup tables
based on the MEKS calculation).

= Softer gluon than in CT10 NLO
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-
2. Computation of correlated systematic errors

Npls

2 K.
= > 1> 91 (Dk —T({a}) — Z)\aﬁka> +D N
a=1

exp.r |[k=1"%

The experimental correlated systematic errors 3, are often published
as percentages. It can be taken to be a percentage of the theoretical
prediction T}, (“truth”) or the experimental datum Dj,.

1. Percentage of T}.: results in smooth 3, :-); may depend on the
theoretical model :-(

2. Percentage of D;: 3., is deduced from the measured data :-), but
may not be smooth due to statistical fluctuations :-(

The methods are equivalent if T}, is close to D,.. In the actual CTXX fits
to the Tevatron Run-2 jet data, method 1 (used in pre-2012 CTEQ fits)
results in a harder gluon at z > 0.1 than in method 2. We use method 2
in the latest NNLO fits.
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2.2. Impact on the best fit NLO PDFs

1'5|7p5317n _plt/pc3171.plt, Q=1.295 GeV I - u
1A4; ...... a
1.32— g,
s %E -s] pc3171: CT12 NLO
X 1.1 PR P .
T BT candidate
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Land 11x,Q=

Strangeness, in CT12 PDFs and LHC WW/Z cross sections

Correlation
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= NNPDF2.1  —=—
® MSTW08 -
v CT10 (NLO)
total uncertainty
experimental uncertainty

02 0 02 04 06 08

J—

RN

T2 14
rS

In 2008, our CTEQ6.6 PDF
correlation analysis pointed out
the sensitivity of ratios oy /o, at
the LHC to the strangeness PDF,
with implications to EW precision
measurements @n., Lai cao, Huston, Pumplin,
Tung, Yuan, PRD, 78 (2008) 013004).

The ATLAS analysis
(arXiv:1203.4051) of W and Z
production suggests that
5(z, Q)/d(x, Q) = 100533 at
z =0.023 and Q? = 1.9 GeV?

What is the impact of the new LHC W and Z data on the CT12

PDFs that will include them?
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Small-z limits of d(z, Q) /u(x, Q) and 5(x, Q) /u(z, Q)
in the CT12 ClnCIIYSIS (PRELIMINARY)

xf(xQ

05E bbb Al
10%10% 10° 102 01 02 05 07 1
X

The CT12 analysis explores the possibility of lim, .o d/u 7! 1. Some
“unbiased” CT12 candidate fits have 5(x, Q) /u(x,Q) > 1 at z < 1073,

We would like to better understand the flavor decomposition at small =
before releasing the CT12 PDFs.
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Conclusions

B The CT10 NNLO PDF analysis (based on pre-LHC data only) is
released. It is based on a new streamlined implementation
of heavy-quark DIS conftributions at two loops (Guzzi et al.,
arXiv:1108.5112).

B The CT12 NLO and NNLO analysis (in progress) will include
latest LHC data on W, Z, and jet production. Possible impact
on SU(3) properties of quark sea at 2 < 1073,

B Several factors that are comparable to NNLO contributions
(tfreatment of percentage corr. syst. errors, choices of scales,
electroweak radiative contributions, ...) have been
thoroughly examined in this analysis

B We use a specific choice to evaluate these factors in the
CT12 (N)NLO fits. The uncertainty associated with this choice
need to be examined in the future
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Neutral-current DIS in a general-mass scheme at NNLO
M. Guzzi, PN., H.-L. Lai, C.-P. Yuan, arXiv:1108.5112 (hep-ph)

Objectives

W The CT10 fit computes ¢, b
quark contributions to NC DIS SwusureFuncins Srasins
in the S-ACOT-y general-mass |: i

factorization scheme cawasi, colins, =
Olness, Tung, 1994, Collins, 1998; Kramer, Olness, Soper; o ~ i
Tung, Kretzer, Schmidit) / /"/}]g, P

BWe have realized this
scheme at NNLO. We have
also demonstrated how to
derive this scheme (including e
kinematic rescaling of o

heavy-quark scattering terms  NNLO scattering contributions
at the mass threshold) from the

QCD factorization theorem by

Collins
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Massive quark contributions to neutral-current DIS...

...affect predictions for the LHC W and Z cross sections qung et a.
hep-ph/0611254)

W* & Z cross sections at the LHC (14 TeV)

215 NNLL-NLO ResBos

21 Extensive recent work

CTEQ6.6 (GM)

Tung et al., hep-ph/0611254; Thorne, hep-ph/0601245; Tung,
2.05 Thorne, arXiv:0809.0714; PN., Tung, arXiv:0903.2667; Forte et al.,
arXiv:1001.2312; J. Rojo et al., arXiv:1003.1241;Alekhin, Moch,
arXiv:1011.5790...

Tiat(PP=(Z°-(0)X) (nb)
N

1.95
CTEQS6.1 (ZM)
1.9 ) )
Several heavy-quark factorization
185 schemes
18.5 19 19.5 20 20.5 21 21.5 22 ,
TP W*>£%)X) (nb) FEN, ACOT, BMSN, CSN, FONLL, TR"...
arXiv:0802.0007

The NNLO realization of the S-ACOT-y factorization scheme
combines benefits of several approaches

Pavel Nadolsky (SMU) PDFALHC meeting 05/23/2012 29



Main features of the S-ACOT-y scheme

Bl It is proved to all orders by the QCD factorization theorem for
DIS (cotins, 1998

B Universal PDFs
W [t is relatively simple

» One value of Ny (and one PDF set) in each @ range
» sets my, = 0in ME withincoming h =corb

» matching to FFN is implemented at the level of the QCD
factorization theorem

B It reduces to the ZM M S scheme at Q? > mg), without
additional renormalization

B It reduces to the FFN scheme at Q* =~ mg,

» has reduced dependence on tfunable parameters at NNLO

Pavel Nadolsky (SMU) PDFALHC meeting 05/23/2012 30



Components of inclusive F; 1 (z, Q)
S-ACOT-y NNLO expressions are reminiscent of the ZM scheme

(e.g..in Moch, Vermaseren, Vogt, 2005), with all components available
from literature

Components of inclusive £, 1,(z,Q*) are classified according to
the quark couplings to the photon

Ny
F = Z F+ Fy M
=1
ﬂ = 612 Z [Cha @ fa/p} (3:7@)7 Fh = (i%z [Ch,a & fa/p] (%,Q) (2)
T e T s
At F}EQ) = ej, {Ch h ® g (fusp + Tayp) + 0(2) QX+ C}% ® fy/p}

S,(2
Fz(Q) = 612 {C’l{\; Y (fl/p + .f[/,>) + P52 QX+ Cl,g) ® f!z/p} (3

Pavel Nadolsky (SMU) PDF4LHC meeting
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Rescaling to all orders of o, and the factorization theorem

Pui Z projection

Hm,k) ¢, (mm) ) > o
2

a=9.94q D
q
We show that a minor modification of the QCD factorization

theorem (Coiliins, 1998)...

B enables suppre53|on of charm K S
production at Q? — m? Zpinallchannels
and at each «, order erhouT extra "
smoothness condifions or damping
factors

Jprey
Y
0.04

s T
003 | RS S ey 1

B preserves universality of wE o N
heGVY—QUOI’k PDFS ’ = I‘D I‘o2 QGev?  10°
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CT12 predictions for ATLAS jet production (2)

ATLAS single-inclusive jet production camiv:11126207; FOSTNLO 2; R=0.4;
x?/Na.o.r = 0.76 (0.95) for CT12 NLO (CT10 NLO)
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CT12 predictions for ATLAS jet production (3)

Ratio to CT12 theory (prel.)
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Factorization scale in NLO jet cross sections

NLO jet cross sections depend significantly on renorm. and fact.
scales, up and g

CT10 fit assumed the default scale 1% = u% = pr/2: other groups
and experimentalists often use u% = 1% = pr

Trade-offs between the scale choices (see the next slide)

B urr=pr/2. K =1atsmally;., large scale dependence at
large yje:

B upr=pr: K~ 14atsmally;., smaller scale dependence at
large yjet

CT10 NNLO will provide a PDF set for pup g = pr
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NLO corrections for u‘}, r = pr/2 (left) and pr (right)

Jun Gao, 2011
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Scale dependence (green) corresponds to variations
1/2 < prr/py p < 2. Red bands reflect the PDF uncertainty in the
lookup tables for the NLO K-factors.
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