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Introduction and overview



hard scattering formalism
for hadron collider cross sections
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parton distribution
functions
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... this is the QCD factorization theorem for
hard-scattering (short-distance) inclusive
processes, e.g. W,i,H, ... production

proton - (anti)proton cross sections
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precision phenomenology at LHC

 Benchmarking

— inclusive SM quantities (V, jets, top,... ), calculated to
the highest precision available (e.g. NNLO, NNLL, etc)

— tools needed: robust jet algorithms, kinematics, decays
included, PDFs, ...

— theory uncertainty in predictions:

SGth — SGUHO @ 6GPDF &, SGparam D ...

what do these mean?!

* Backgrounds

— new physics generally results in some combination of
multijets, multileptons, missing E;

— therefore, we need to know SM cross sections
{V,VV,bb,tt,H,...} + jets to high precision > "wish lists’

— ratios can be useful Note: V = y* ZW: s



top quark production at hadron colliders

_ — 2
51108 = T2 (5 4 )

27 M3
2
599—QQ _— mogfe 1o o 16 16) | 1+ﬁ_28_31
o 192M5[B(p + 16p + )ogl_ P,

where p = 4M§2/§, 8=+1I—p.

NLO known, but awaits full NNLO pQCD calculation (see talks by Czakon
and Ferroglia); NNLO & N"LL “soft+virtual” fixed order and resummed
approximations exist, see for example talks by

Neubert (based on Ahrens, Ferroglia, Neubert, Pecjak, Yang,
arXiv:1003.5827 etc.)

Schwinn (based on Beneke, Falgari, Schwinn, arXiv:1007.5414 etc.)

and by Pozzorini, Papadopoulos and Melnikov (NLO QCD corrections to
production and decay, importance of selection cuts, spin correlations etc.)
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also

NNLO,,,0x: Moch & Uwer; Langenfeld, Moch & Uwer (threshold
enhancement due to soft gluons, Coulomb corrections, scale
dependencies, MSbar mass, ...) arXiv:0906.5273 etc.

NNLO,, .o - Kidonakis & Vogt (soft gluon contributions inc. kinematics-
dependent soft anomalous dimension matrices, ...) arXiv:0805.3844

NLL: Cacciari, Frixione, Mangano, Nason, Ridolfi (NLO + resummed next-
to-leading threshold logarithms) arXiv:0804.2800
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Langenfeld, Moch, Uwer, arXiv:0906.5273
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Total top-pair production cross-section 10

o (pb) Tevatron LHC7 LHC10 LHC14
+0.32+0.33 +18+38 +44+17 40 +97+30
NLO 6.50 —0.70—0.24 150 —19—8 380 —46—17 842 —9;—32
+0.52+0.33 +23+8 +60+17 4 +136+30
NLO-+NLL 6-57—&30—0.24 151 —12—9 382—32—18 848—7.5—32
+0.27+0.35 +4+8 +14+17 +35+31
NLO-+NNLL 6.77 0 is 0 e 155757, 39075718 8581 TaN
0.0+0.36 2+9 9+17 24+31
NNLO.. (3) 710000000 1627370 40710 895 72443
. 0.22+0.36 4+9 14+17 38+31
NNLO.,,,.(3) + NNLL 713705 000 1627, 4057318 892 T3510
NNLO.,.(8) + NNLL+BS ~ 7.14 70224038 16217115 407TIALT gop TIETA
(m; =173.1 GeV, ji; = mt, MSTWOSNNLO) ( Beneke, Falgari, Klein, CS preliminary)

e Resummation in momentum space using fixed p. from minimising ﬁcrgil];to(ps}
= ji. = 85/146 GeV for Tevatron/LHC7: no big scale hierarchy

® vary ps, pp, py from 054 < p < 2, add uncertainties in quadrature

e (N)NLL includes (N)LO Coulomb resummation

e BS: include bound-state contributions below threshold

e Preliminary estimate of uncertianty from «2C? terms: ~ 3%

C. Schwinn

Threshold effects for tops and squarks Heavy Particles@LHC Zurich




DO Runll -- preliminary March 2010
P
I+jets, dilepton, t+lepton (PRD) He +0.46 +0.66 +0.54
10 ’ 7.84 545 -0.54—0.46 PP
+i g .
| jets (b-tagged & topological, PRL) ®-H 7.42 +0 53 +0.46 +0 45 pb
0.9 fb™
I+jets (neural network b-tagged, PRL) P 8.20 fg;?g :85 ig ig pb
1.0 fp™
dilepton (topological)* Hte 8.23 igg? rg.ggjg.gg b
i . . .
5.3 fb
I+track (b-tagged)* | oL H 5.0 ﬂg rog 03 pb
1.0 fo™! ' ’
tau+lepton (b-tagged)* 1 — 7.32 +1 gr*gg -045pb
=l = =1
221fb
tau+jets (b-tagged)* I PY N 5.1 ig'g :g_; 03 pb
04 : :
alljets (b-tagged, PRD) — e | 6.9 ;12 :1.1 :04 pb
4 .
1.0fb
(stat) (syst) (lumi)
M, = 175 GeV . M.C-acman.e al., JHEP 0809, 127 (2008)
"CTEQG oM N. Kidonakis and R! Vogt, PRD 78, 074005 (2008)
' S. Moch and E Uwer, PRD 78, 034003 (2008)
| L1 I Ll | Ll 1 ‘ Ll | - ‘
0 2 4 6 8 10 12

o (pp — tt + X) [pb]

CDF Run li

M Cacciari et al., arXiv:0804.2800 (2008)
Kidonakis & Vogt, arXiv:0805.3844 (2008)

[ Langenfeld, Moch & Uw

er, arXiv:0906.5273 (2009)

Dilepton -ﬁ :!:!1!:!:!:!:: 1:!.!4!1!4!1!1! - 7-27i0-71i'0-46i0-42
(L=4.3 ") (stat) (syst) (lumi)
Lepton+Jets (ANN) mi e 7.63+0.37+0.35+0.15
(L=4.6 ib"")

Lepton+Jets (SVX) [memtid il 7.14+0.35+0.58+0.14
(L=4.3 fb”)

All-hadronic =it o 7.210.50+1.10+0.42
(L=2.9 fb")

CDF combined o 7.50+0.31+0.34+0.15

+2/DOF= 0.60 m=172.5 GeV/c?
II\\‘III\lll\ll\\ll"\ll\‘ll\\lII\\
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parton distribution functions
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Parton Distribution Functions

proton ﬁ ﬂ .p roton
x4P X,P

momentum fractions x; and x,
determined by mass and rapidity of X

x dependence of f;(x,0?) determined

by ‘global fit’ to deep inelastic
scattering and other data, 0’
dependence determined by DGLAP

equations:
qu(x,Q2) _as tdy X 2\
D@ 2r), y Fames) alQY)
X
+ Py, as) g(§7 Q2)}
0g(x,Q*) _ os ['dy X
Dosqt ~ ar ), y (Pesal¥os) a9
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LHC parton kKinematics
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Q* (GeV?)
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10°

Tevatron parton kinematics
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the PDF industry

® many groups now extracting PDFs from ‘global’

data analyses (ABKM, CTEQ, GJR, HERAPDF, MSTW,
NNPDF, ...)

®* broad agreement, but differences due to
— choice of data sets (including cuts and corrections)

— treatment of data errors HERA-DIS

— treatment of heavy quarks (s,c,b) FT-DIS

— order of perturbation theory Drell-Yan

— parameterisation at Q, Tevatron jets

— theoretical assumptions (if any) about: Tevatron W,Z
® flavour symmetries other

® x—0,1 behaviour
[ )

14



recent global or quasi-global PDF fits

ABKM S. Alekhin, J. Blumlein, S. Klein, S. | 1011.6259, 1007.3657,
Moch, and others 0908.3128, 0908.2766, ...
H.-L. Lai, M. Guzzi, J. Huston, Z. 1007.2241, 1004.4624,
CTEQ Li, P. Nadolsky, J. Pumplin, C.-P. 0910.4183, 0904.2424,
Yuan, and others 0802.0007, ...
M. Gluck, P. Jimenez-Delgado, E. | 0909.1711, 0810.4274, ...
GJR
Reya, and others
HERAPDF H1 and ZEUS collaborations 1006.4471, 0906.1108, ...
MSTW A.D. Martin, W.J. Stirling, R.S. 1006.2753, 0905.3531,
Thorne, G. Watt 0901.0002, ...
R. Ball, L. Del Debbio, S. Forte, A. | 1012.0836, 1005.0397,
NNPDF Guffanti, J. Latorre, J. Rojo, M. 1002.4407, 0912.2276,
Ubiali, and others 0906.1958, ...




HERA DIS v v v'* v'* v v
F-T DIS v v v x v v
F-T DY v v v x v v

TEVW,Z v vt v x x x
TEV jets v vt v x x v

GM-VFNS v v X v v x

NNLO v x x x v v
*Run 1 only

*includes new combined H1-ZEUS data - few% increase in quarks at low x
Xnew (July 2010) ABKM and CTEQ updates: ABKM includes new combined H1-
ZEUS data + new small-x parametrisation + partial NNLO HQ corrections; CT10
includes new combined H1-ZEUS data + Run 2 jet data + extended gluon

parametrisation + ... > more like MSTWO0S8 16



LO vs NLO vs NNLO?

in the MSTW2008 fit

3066/2598 (LO)
X2 gopar /dOf= 2543/2699 (NLO)

2480/2615 (NNLO)

LO evolution too slow at small x;

NNLO fit marginally better than NLO

Note:

® an important ingredient missing in

the full NNLO global PDF fit is the
NNLO correction to the Tevatron
high E; jet cross section

® LO can be improved (e.g. LO*) for

MCs by adding K-factors, relaxing
momentum conservation, etc.

1.5

MSTW 2008

~ 3 2
- G(st )HERA (FE(X’Q )FixedT:Lrget) tc

® HI ]
4 ZEUS
NMC
A o~ x=0.0005 (c=0.35) T BCDMS
ot SLAC
x=0.00016 (c=0.4)
4 x=00013 (e=0.3)

AN x=0.0032 (c=0.25)

VAT x=00008 (e=0.2)

05 [

NNLO ------ NLO e LO

TR x=0.013 (c=0.15)

x=0.05 (e=0.1)

1 10 10" Q*Gev?) 107
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Data ! Theory

Data | Theory

Data { Theory

impact of Tevatron jet data on fits

a distinguishing feature of PDF sets is whether they use (MRST/MSTW,
CTEQ, NNPDF, GJR,...) or do not use (HERAPDF, ABKM, ...) Tevatron jet
data in the fit: the impact is on the high-x gluon
(Note: Run Il data requires slightly softer gluon than Run | data)
the (still) missing ingredient is the full NNLO pQCD correction to the cross
section, but not expected to have much impact in practice [Kidonakis,
Owens (2001)]
DY Run Il inclusive jet data (cone, R = 0.7)
MSTW 2008 NLO PDF fit (1, = u_= p¥'), x% =114 for 110 pts. Gluon distribution at Q2 = 10* GeV?
I.;_— JET ; |.85— JET F 1 :’:“ I I I I :
pptosiiod A At c MSTW 2008 NLO (68% C.L.) ]
"ff; poss ° b gggooacls 5’ G444 Fitwith Tevatron Run |jetdata 7
1t 35S ! i o _
:::° s “E Ei » B 332 Fit without any Tevatron jets
O . o - - L 7EUS 2005 Jets NLO
1:._%0.3-:|3,HET|<1.2 g 5_5%1.2<|¢E‘|<1.s 10 .
”; . nuii'“.".'ﬁiﬁ§;%]: “E RN L - -
o_a;— ggL{ b =) ¥ 1 ~I : :
:Z£§1.a<|yJET|<2.0 ; ::§§2.0<|¢Ef|<2.4 i h
”j_ mqeeegiﬁ} : o ,,.ﬁ%g 1072 s l , A .
iy i 3 0.1 . i . 5 06 0.7 0.8
o4 w P (GeV) e w P (GeV) X




dijet mass distribution from DO

08 < |3F|max < 1.2

1.6 |y|_ <0.4

—_—

0.4 ) - \[s = 1.96 TeV + :
U.Z_PQILTDITIb: .|...:T.ﬁqm.1|elﬁ|ul',-",|,,,|...|...|...-.—.I...I_...I...I...I... bl

- Data/NLO : - .. CTEQ6.6/MSTW2008
0.4- DSyStemaﬂc Uncertalmy E::MSTWEOUE wf UncertamtyE —“pq u?vanan%n

0.2t »
02040608 1 1214 02040608 1 1214 0.2 0.4 0.6 0.8 1 121[T4
eV]

DO collaboration: arXiv:1002.4594 19



PDF uncertainties

all groups produce ‘PDFs with errors’

typically, 20-40 ‘error’ sets based on a ‘best fit’ set to
reflect +7o variation of all the parameters™ {A,a,...,as}
inherent in the fit

these reflect the uncertainties on the data used in the
global fit (e.g. 6F,= £3% — du= £3%)

however, there are also systematic PDF uncertainties
reflecting theoretical assumptions/prejudices in the way
the global fit is set up and performed

*e.g. filz,Q5) = A [1 + bz + ciz] (1 — z)

20



PDF uncertainties (contd.)

NNPDF create many replicas of data and obtain PDF
replicas in each case by fitting to training set and
comparing to validation set - uncertainty determined by
spread olf replicas. Direct relationship to y2 in global fit
not trivial.

NNPDF and MSTW (due to extra parameters) have
more complicated shape for gluon at smaller x and
bigger small-x uncertainty, ditto for CTEQ at large x

different theory assumptions in strange quark PDF leads
to vastly different uncertainties — e.g. MSTW small,
NNPDF large; feeds into other ‘light’ quarks

perhaps surprisingly, all get rather similar uncertainties

for PDFs and predicted cross sections — see later
21



MSTW 2008 NLO PDFs (68% C.L.)
1.2

Q2 = 10 GeV?2

Q2 =10* GeV2-

xf(x,Q?)

g/10

4 107 102

10° 1072 1 10

-4

1

10 10

MSTW = Martin, S, Thorne, Watt 22



PDFs and ag(M,?)

MSTWO08, ABKM09 and GJROS:
ag(M,?) values and uncertainty
determined by global fit

NNLO value about 0.003 — 0.004
lower than NLO value, e.g. for
MSTWOS8

MS.NLO ;4 ;2 +0.012
) MZ2) = 0.1202
*s (Mz) _0.015
MS,NNLO /4 2 +0.014
’ M2)=0.1171
*s (Mz) _0.014

CTEQ, NNPDF, HERAPDF
choose standard values and
uncertainties

world average (PDG 2009)

oM5(M3) = 0.1184 + 0.0007

NLO o«.S(M;) values used by different PDF groups

T T T T [ T T T [T T [ TP T [T T T [ T T T [T T T[T T T[T 11
......... ———] o - - . . . . .
- — B — -
~ ——i— n

68% C.L. PDF
i v —tt ® MSTWOS .
H CTEQ6.6
L e A NNPDF2.0 -
¥ HERAPDF1.0
i o ABKMO9 |
GJRO8

11 1 | 11 1 | 11 1 | 11 1 | | | 11 1 | 1 1 1 | 11 1 | 11 1 | 11 1
0.11 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126 0.128 0.13
2
og(M2)

® note that the PDFs and og are
correlated!

® e.g. gluon — aganticorrelation at
small x and quark — ag
anticorrelation at large x

23



Gluon at Q% = 10* GeV?

o 1.05¢
:v_' 1.0aF-
S 103
] 1.02E

—
—

Eun--__ \\\ <

T T T TT1T II| T T T TT1T II| I-"
. -"I.-/ ]
MSTW 2008 NLO (68% C.L.)

Fix oy at +68% C.L. limit
Fix o at - 68% C.L. limit

o =
0.97F-
0.965 =
0.95: ral rral L 1l =
0 10° 102 107
x —
(=]
=
Up quark at @* = 10* GeV? o
01.05: Ill|| T T ||||||| T T ||||||| |: EI
Z 1.045 MSTW 2008 NLO (68% C.L.) 4 Z T
S 103k Ll Fix o at +68% C.L. limit /_; S
N E . Fix e, at - 58% C.L. limit g
1025 _%%_%v_ s
£ 098
(1’4 B A
0.97F =
0.96F- E
0.95: III III| 1 1 II| I':
0 10° 102 107
X

MSTW: arXiv:0905.3531

PDF correlations

® care needed when assessing
impact of varying o.50n cross
sections ~ (ag)" (e.g. top, Higgs)

N RO

Higgs (MH =120 GeV) with MSTW 2008 NNLO PDFs

Tevatron,\'s = 1.96 TeV

(%)

-6 -06/12 0 +0/2 +10
2
Aog(M?)

NNLO
H

Ac

N9

LHC,\'s =14 TeV

»

= ag(mi)

N

A gg luminosity

68% C.L. uncertainties ]

-6 -¢6/2 0 +0/2 +10

2
Aog(M2)
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LHC benchmark cross sections
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LHC benchmark
study for
Standard Model
cross sections at
7 TeV LHC
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Abstract

This document is meended as a stody of benchmark cross sactions at the LHC
(at 7 TeV) at NLO using modern PDFs cumently svailable from the & PDF
fitting groups that have participated m this exercize. It alse confains a succinct
nser poide o the compuatation of POFs. uncermintes and comelations using
available POF sats.

A companion note provides an interim summary of the current recommenda-
tians of the FDF4LHC warking group for the use of parton dismibution fimc-
tions (POFs) and of PDF umcertainties at the LHC, for coss section and cross
section uncertainty caloolations.




A benchmarking exercise was carried out to which all PDF groups were mvited to participate. This
exercise considered only the-then most up to date published versions/most commonly used of NLO
PDFs from 6 groups: ABKMO09 [2]. [3]. CTEQ6.6 [4]. GIR08 [7]. HERAPDEF1.0 [8]. MSTWOS [9].
NNPDEF2.0 [10]. The benchmark cross sections were evaluated at NLO at both 7 and 14 TeV. We report
here primarily on the 7 TeV results.

All of the benchmark processes were to be calculated with the following settings:

1. at NLO in the M S scheme

2. all calculation done 1 a the S-flavor quark ZM-VFNS scheme, though each group uses a different
treatment of heavy quarks

3. at a center-of-mass energy of 7 TeV

4. for the central value predictions. and for +68% and +90% c.1. PDF uncertainties

5. with and without the a uncertainties, with the prescription for combining the PDF and a; errors
to be specified

6. repeating the calculation with a central value of as(mz) of 0.119.

To provide some standardization. a gzipped version of MCFMS.7 [25] was prepared by John
Campbell. using the specified parameters and exact input files for each process. It was allowable for
other codes to be used. but they had to be checked against the MCFM output values.

Includes ttbar total production cross section with:
my,,= 171.3 GeV
zero width approximation, no branching ratios

scales pg= pur =My, -




parton luminosity functions

® a quick and easy way to assess the mass, collider energy
and PDF dependence of production cross sections

— —~ —~
— Gapx = Cxd0(8— M%)
1
\/ a ox = /o dzadzy fo(ra, M%) fy(xy, M%) Cx 6(zqxy — T)
S X 100
b = ox |- 5] (r = M3 /5)
s OT
— oL 1
m— >_\ (%fbb — /O drodxy fo(xa, M)Q()fb(:cb, M)Q() S(xqxy — 7)

® Il.e. all the mass and energy dependence is contained
in the X-independent parton luminosity function in [ ]

® useful combinations are ab = gg, >, qq, ---

® and also useful for assessing the uncertainty on cross
sections due to uncertainties in the PDFs

28



luminosity ratio

o

F | — 1 1T rrrrrn
ratios of LHC parton luminosities: H
4F 8TeV/7TeVand9 TeV/7 TeV £

WJS 2010

e.g. -
gg~>H,QQ
qq—~>VH

qq—>qqH

MSTW2008NLO 1

100 1000
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final-state total invariant mass distribution in top
production at LHC and Tevatron

T T 1 rrrrrrrr
10° L MSTW2008NLO |
>
[0
O -1
0 10 - -
Q ]
E" 7 TeV LHC
o
— 2|
-S 10 Tevatron
10° L
0 1 2 3 4 5



parton luminosity comparisons

positivity constraint
on input gluon

Run 1 vs. Run 2

gg luminosity at LHC {/s = 7 TeV) Tevatron jet data

1 1 IIIIII| EIEIEIEIlllll

—— MSTWO8
£444- CTEQG.6
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more restricted parametrisation
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fractional uncertainty comparisons
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NLO and NNLO parton luminosity comparisons

E4(aq) luminosity at LHC (s =7
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benchmark top cross sections

f cross sections at the LHC (\/s =7 TeV)
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benchmark NLO top cross sections
at 7 TeV LHC
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... and at NNLO

NNLO (approx.) tt cross sections at the LHC (\s = 7 TeV)
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... and with 90%cl| PDF uncertainties

NNLO (approx.) tt cross sections at the LHC (\s = 7 TeV)
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benchmark Higgs cross sections

NLO gg—H at the LHC {\'s = 7 TeV) for MH =120 GeV
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NLO gg—H at the LHC {\'s = 7 TeV) for MH = 240 GeV

gg luminosity at LHC (/s = 7 TeV)
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cf. benchmark W,Z
Ccross sections
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summary

the PDF dependence of the 7 TeV LHC top cross section has been studied:
NLO benchmark “68% cl” predictions from the various groups span the
range 131-175 pb (122-182 pb at “90% cl”) ! ... driven by differences in the
gluon distribution at large x

this is much larger than the estimated scale dependence/UHO uncertainty
(using approx. NNLO or NNLL etc.)

however, uncertainties in the Individual predictions are in the + 6-8 pb range

corresponding predictions for a light Higgs boson are more similar, as are
top predictions at 14 TeV

corresponding predictions for a heavier quark or similar coloured object: (gg
- Q Qbar, squark pairs etc) would be even more different

therefore, an experimental measurement of the top quark cross section at
LHC will be very important for discriminating between PDF sets

a similar benchmarking study for the Tevatron would be interesting (CDF:
=7.50 £ 0.48 pb [6%]) ... although expect much better agreement

cyto .
bef)ween different PDF sets 13



