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W/Z - luminosity
= Otherwise 15-20% - 5-10% uncertainty

Processes like W/Z have smaller PDF
error 1n ratio

g » X has increased d-PDF when
calibrated on Z

Can we use Top production as an
additional normalization tool?



N (t t)=(lumi)x efficiency)x((pdf ), x o (ij

N (W)= (lumi) x (efficiency ) x (( pdf ).,

7}

x o (ij

N (tt)
N (W)

R= has no (lumi) uncertainty

2 \V4 Correlation
0 (W)_Z W Mat rix

R° wW? twW




Corrzlation with_spg — 8 (solid), on — #F [g3sh=s], «F — A8 (dots)
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gg->H(500 GeV)
has 1.5% d-PD
if using tt~
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Production of Tt 2t the LHC 14100

1200
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=00
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200 /,;{,’77 B2 NN S

170
m, [Gel/]

threshold
resummation reduces

scale dependence to
Full NNLO ~3% (Moch and Uwer)

Run?2

CDF/DO
goal

tt~ in progress

= 6%7?7 - worse than Z
7  d-PDF 1s smaller



= 10-15% 1n year 1
= unfortunately, which
is where we would
most like to have a
precise value

= Ultimately, ~5%7?
= dominated by b-
tagging uncertainty

= systematic errors in
common with other

complex final states,
which may cancel in a

ratio?

= Tevatron now does 8%

(non-lumi)

_ Cacciari et al., arXiv:0804.2800 (2008)

=z Kidenakis & Vogt, arXiv:0805.3844 (2008)

_[Moch & Uwer, arXiv:0B07.2794 (2008)
A (aleat) + {syesi} (i)
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= Importance of NLO:

= PDF fitting and uncertainty
= Sensible output
= Precision cross section estimates

= Significantly reduces scale
dependence

= .. and stabilizes shapes
= Limitations
= Inclusive enough observables
= Hard
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Integrate
Out physics
Below Q




PDF
Defined
At NLO

Defined
At NLO

11

Don't look at
Jets with
E<<Q




Ignores shape changes
K=NLO/LO

6M/6L1

wt:mn K factor

Typical scales

LHC"—fﬂctur

Process

f £ i

i1

Ko )

vy
LSy

K (itip)

Kjp)

4".'_5! 'I"iu l:l

L,

W
Wljer
W+2jets
W T +jet

1

e

Higgs via VEF
Hugers 1 1jel

Higys 1 2jels

MW
o
W
My
Ty

Ty

ity

iy
T
g

i

21 W

p]r!—.
T

- -U.l
T

2w

2114
E.I'H--t
:.'.].I?'-',,g;.
o
T

i
. HE

1.33
.42
1.1%
1.1
1.08
.13
1.20
2,33
L7

sl
L

1.31
1.20
.51
1.37
1.31
1.43

1.21
1.43
1.29
1.26
1.2

1.37

L.13
L.21
el

L.O3
1.52
.88
1.40
1.59
1.29
0.64




Typical scales Tevatron K-factor LHC K-factor

Process o - Klpgo) Klpa) Kilwe) Klpo) Klgr) K'(po)

1.05 1.15
1.32 1.42
(.88 1.10
1.59 1.48
0.84 2.51
1.34 1.09

mw 2mw 1.33 1.31 1.21

V+1 jet mw (P} 142 1.20 1.43
7+ 2 jets mw (P} 116 0.91 1.29
me 2me 108 131 1.24

My 2m 1.20 1.21 2.10

svia WBF mg (pk") 107 097  1.07

i QN S B3
b
= L

o0
LD

= 0 =
bo D
e 0 o S

=

NLO corrections decrease
as more final-state
legs are added:
K(gg->H + 2 jets)
< K(gg->H + 1 jet)
< K(gg->H)

NLO corrections increase
when more color 1is
annihilated:
K(gg->H) ~ K(gg->yy)
K(gg->X) > K(qq~->X)

Exception: new g channel
Simple rule:

Casimirs(initial) -
Casimir(final)

K(W/H+3j) ~ 1 ?



PDF uncertainty
Range is large

2000 1000 2000 F000 4000 G 2000 3000 4000

Figure 10§, The rotios of the jot coosg sectien prodiclions forfhe LHC using tae CTEQE. L eoror
pelf= e the ediction nsing the centrall pdf. The evtremes argfprodoced by eipeavector 15

Inclusive jet:

Probes a wide
range of x, Q

Mixture of qq,qgq,

q9

I|III|III|III d*ll

1000 2000 Q00 40080 D00
PTGV c)

(=]

Fignre 1k, The ratiog of the T o 103 jeb oross section predierions for the THC nsing
the CTEQS. 1 pdts for e twee diffzreat rapldicy regioas (0-1 (squases), 1-2 (iangles), 2-3
{circles)h.
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Suppose you measure
the high m. region
Llooking for new
physics

Your measurement
agrees well with
Pythia

Have you missed
something?

Yes, because NLO
prediction at high
mass 1s about .7 LO
= partially pdf’s

= partially matrix
elements

FeamisUEaVic

ratio of MLO/LO

COF Run 2 prelirinary, LEEE2ph

e 1F tabs, Navadd

_@p

'1 ]
. 1
1 L‘l 1
I‘“d"-l. | Li, ad W
o i . TU IR
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S B
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J000 40U IZUD GOD YOO DOO E0D 1000 9900 1204

M Eevre’]

a00 40

Lop puir invariant mass

1604




16

ratie af NLO/LO

]

Tevatron

total

gy ooly

gg only (/3)
i

Lo

ML

r
O
a
-
o
s
L,

_ Wwp pair invariant mass
top peir invariant mass




%
O
8
-
L
5]

W+23j NLO

Top total
inclusive NL(Q

Has perturbation theory gone wrong?

17
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Feynman
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Perturbation Theory 102:
Sudakov form factors

dt' dz 0‘5 v/ t) f(x/z,t')
=exp|—f, [ P(z) oy ]

Basis for resummation and parton
showering

Sums effects of soft and collinear gluon
emission, but not large energy, wide
angle gluon emission

Initial state and final state logs
summed separately
= FSR has no PDF reweighting

= FSR modeling tested extensively at LEP

Gives the probability not to radiate a
gluon greater than some energy



Sudakav form factar

20 a5
PG eVic)

ial-stz b ploons ol o hard
The fonn fociasgs wre

Prob incoming gluon
to t-tbar does
NOT radiate

Q hard = 100 GeV

bl pririom

ISR gluon

Sudakov form factar

Q hard = 500 GeV
ISR gluon

plian

P "(GaVie)

fiane 22, The Sudakeas toom Factors forimitial=srate ghiorne ara hard scale ofh

et af rhe aemitted (LA IEH Tha feem facrra are foar
LA, DL, L TRET 0D




tt (NLD) .
Quark @TeV2 radiates

Less (color=4/3)

L (10)

Gluon @LHC radiates
Like g+gbar
(color=3~8/3)

i
=
o
=
=
E
=
g
=
w0

20
P (GeVic)
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= LHC be a jetty place

= Tt+1j > Tt does not violate Pert
Theory

= Indicates multiple gluon emission
= Described by parton showers
= Resummation softens pT spectra
= Jet cuts @LHC will have to be harder




Pl

Typical Pythia run card

pythiaUESettings = cms.vstring(
'MSTJ(11)=3 ! Choice of the fragmentation function',

'‘MSTJ(22)=2 ! Decay those unstable particles',

'"PARJ(71)=10 . ! for which ctau 10 mm',

'MSTP(2)=1 ! which order running alphaS',

'MSTP(33)=0 ! no K factors in hard cross sections',
'MSTP(51)=10042 ! structure function chosen (external PDF CTEQ6L1) "',
'MSTP(52)=2 ! work with LHAPDF',

'MSTP(81)=1 ! multiple parton interactions 1 is Pythia default',
'MSTP(82)=4 ! Defines the multi-parton model',

'MSTU(21)=1 ! Check on possible errors during program execution',
'PARP(82)=1.8387 ! pt cutoff for multiparton interactions',
'PARP(89)=1960. ! sqrts for which PARP82 is set',

'"PARP(83)=0.5 ! Multiple interactions: matter distrbn parameter’,
'"PARP(84)=0.4 ! Multiple interactions: matter distribn parameter',
'PARP(90)=0.16 ! Multiple interactions: rescaling power',
'"PARP(67)=2.5 ! amount of initial-state radiation',

'"PARP(85)=1.0 ! gluon prod. mechanism in MI',

'PARP(86)=1.0 ! gluon prod. mechanism in MI',

'"PARP(62)=1.25 ! ',

'"PARP(64)=0.2 ! ',

'MSTP(91)=1 !",

'"PARP(91)=2.1 ! kt distribution', 'PARP(93)=15.0 ! ')

Why so many #!&% parameters?
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Higher orders of perturbation theory
(fixed order and resummed) than have
been 1mplemented

Incomplete application of known
physics due to approximations

Simplified models of complex semi-hard
or non-perturbative physics

Unsimulated phenomenon



26

= Measurements (signals)
= Inclusive jet cross section
= W, Top mass
= Limit setting
= H1ggs mass
= Data-driven background estimates
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Radiation (ISR/FSR)

= Variation of Lambda QCDs
PDF

= Shift 1n hard kinematics (y W)
Generator

= Different implementations, logs
UE

= Ave. of several models
Jet Energy Corrections

= Variation of parton->hadron map




I'c~ cncticr ™ arme Doie 't ALCI'O DLLIMOI
F-2 prnentetior fanet’on MVETI) . 3 4
HE"}T:-"‘ Al ﬁ':l_iﬂ'l'l MVSTI13) : gL -
1 el METT 6] 3 0 i
CARJL:  0._00 noas popg 1o 0a0ds
CARI(Z: 0300 0985 0008 0a00 030 E f f ecC 't S ONn O 't h er
PARJ[ S 0100 0.3&0 (650 0.+ 00 0130

SR A el Do rameters 1gnored
i Al 1N Lambda QCD +/-

LALI(LE)  h.bun LUK a4

PARJ(LI} LU DA TRTTTRTATY ( or other )

FARJ[LG} (L INTETH — gl gl . .
FAHI[17} TRITI 0.7 Gl — 112400 1171
FARJ(19}  1.000 1.000 0.300 1] “.ago V a r l a t l O n
Ty FARJ( Y 0360 0360 003 1T 01010
extre 5 supareszon CALT 23} L.000 Loan 0ga0 (600 --nan
extrz i’ suparessicn CARJ 26} 0.100 L0 0230 Qo 0.Aang
CARTA.} 0300 n.40n 0.l 0500 0.L-0
FARJ(4)  Lh#D) Luil L¥nb 1] 1.5
FAR B} 1.5 .S .10 .13 1.1
CARJG3) 00050
CARJE-}  0.280 (.320 0.apy 0506 0230
CARIS2}  L.oan Laan _.Aaf0 _.non _nan

No unique separation between radiation,
hadronization, UE either i1n data or MC
Tune A == event tune != UE tune

28
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= Setting kinematics at high Q
= Backwards evolution ISR
= Transverse evolution:P

T, boson

= Underlying Event (semi-hard QCD, low Xx)

= Important for modeling: triggering,
track occupancy, jet energy,
isolation, etc.



= Which PDFs for parton shower Monte
Carlos?

= standard to use LO PDFs, most commonly
CTEQ5L/CTEQ6L, in Pythia, Herwig,
Sherpa, ALPGEN/Madgraph+..

= Concerns:

= LO PDFs can create LHC cross
sections/acceptances that differ 1in
both shape and normalization from NLO
= due to influence of HERA data

= and lack of ln(l/x) and Ln(l-x) terms
in LO PDFs and evolution

= ... outside NLO error bands

30
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Not shown:
UE variation

NLO PDF band
Very narrow

Sudakov
LO PDF

Herwis++ spacelike ¢ — 94g

[ hanks to 5. Gieseke

Sudakov Lk
,?y“

Qg =10 GaV, fnnx = 300 GeV, z = 0.003
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= NLO error PDFs are used in combination with
the central LO PDF
= an error in PDF re-weighting due to non-
matching of Sudakov form factors

fLO(X Q)X fNLO,error(x:Q) Times a ratio of LO PDFs
fNLO,C@I’lU‘Gl(X)Q) frqm ISR for each
emission

From ME 1n
Alpgen, Pythia,
etc

PDF error
estimate




= ..but
= the low X behavior of LO PDFs are used
in models of the underlying event (UE)
at the Tevatron and 1ts extrapolation

to the LHC
= Also used for calculating low X cross
sections at the LHC

= » motivation for modified LO PDFs

33
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PTparticle jet# 1) [GeVic)
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= Average charged particle density and
PTsum density in the “transverse”
region (pr - 0.5 GeVic, 1| = 1) versns
P(jet#1) at 1.96 TeV for PY Tune DV,
Tune D6, and Tune QK.

Dotz CALE
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LO* PDFs s
close to N

LO* PDFs s
reasonable

hould behave as LO as x->0: as
|0 as possible as x->1

nould be universal and produce
results out of the box

It should be possible to produce error

PDFs:
= similar
= similar

Sudakov form factors
UE

= S0 PDF re-weighting makes sense

LO* PDFs should describe UE @TeV with a
tune similar to CTEQ6L (for convenience)
and extrapolate to a reasonable UE at the

LHC



rapidity distribution at LHC
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= The MRST group has a
modified LO pdf that
tries to incorporate
many of these points

= They relax the
momentum sum rule
(114%) and achieve a
better agreement
(than MRST LO pdf’s)
with some important
LHC benchmark cross
sections

= Available in LHAPDF

MNLOP-LOM

LOP-LOM

M=R00eY

LOP*-LOM . .
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CTEQ variations

INCLUDE IN LO* FIT (WEIGHTED) PSEUDO-DATA FOR
CHARACTERISTIC LHC PROCESSES PRODUCED USING CTEQ6.6
NLO PDF’S WITH NLO MATRIX ELEMENTS (USING MCFM)

Use of 2-loop or 1-loop a .

= Herwig preference for 2-loop
= Pythia preference for 1-1loop
Fixed momentum sum rule, or not

= re-arrange momentum within proton and/or add
extra momentum

= extra momentum appreciated by some of pseudo-data
sets but not others and may lose some useful
correlations

Fix pseudo-data normalizations to K-factors expected
from higher order corrections, or let float

Scale variation within reasonable range for fine-
tuning of agreement with pseudo-data
= vector boson scale varies from 0.5 m; to 2.0 m,



s CTEQsL
BNy, T

fixed scales

110 pct

no peeudo

110 pct no peeudo
cpele9

creqes

creqel

Q=8 GeV/H

10°

Candidare pedf ritled

__ﬁ ced scales tries to

fir p=endo-data
*arger than CTEQGL
at high x. but smaller
al low x

“Wirth [/ 0% momentim
m prodon, plueon is
largerat high x
*Tnchading rhe
pseuido-data in the ft
mereases Lhwe logh x
oluon @ven moers
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tixed scales
110 pct
no pseudo

110 pct no pseudo
cpBiz9
creqes
cteqgbl
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Radiation functions
Evolution variables
Phase space mapping
Internal scales

Skands/Giele/Kosower VINCIA 1s the
closest match to this
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Based on Dipole-Antennae
Shower off color-connected pairs of partons

For each: an infinite family of antenna

Giele, Kosower, PS :

Plug-in to PYTHIA 8 (C++)

functions

Shower cutoff contour: independent of

evolution variable

Gustafson,

hep-ph/0707.3652 + Les Houches 2007
3 different shower evolution variables:
pT-ordering (= ARIADNE ~ PYTHIA 8)
Dipole-mass-ordering (~ but not = PYTHIA 6, SHERPA)
Thrust-ordering (3-parton Thrust)

PLB175(1986)453; Lonnblad (ARIADNE), CPC71(1992)15
Azimov, Dokshitzer, Khoze, Troyan, PLB165B(1985)147
Kosower PRD57(1998)5410; Campbell,Cullen,Glover EPJC9(1999)24

Dipoles (=Antennae,
not CS) — a dual
description of QCD

IIHII
{ B
# i "y
.r'f-f }VL{:‘ Elgiﬂ

|Alyr: 2]

xh..
A3
T

b}

Several different choices for o, (evolution scale, p,, mother antenna
mass, 2-loop, ..)

Phase space mappings: 2 different choices implemented
Antenna-1like (ARIADNE angle) or Parton-shower-like: Emitter + longitudinal

Recoiler



— Can var
Z—q y

a1 = Fyth 36 108 = evolution variable, kinematics
Thrust maps, radiation functions,
S renormalization choice, matching

| iy kv strategy (here just showing
radiation functions)

After 2" order matching
ALEH i :
itia LT LD, SO, Non-pert part can be precisely

Pyliia LL & ML3, 2 LD, : constrained.
e (will need 2" order logs as well for full

1 1 I 1 1 . .
0.0 o o ) variation)

Z—qqg = Z—-qq

ocia 1 Us = Hyth a & 1038 Vorsia 1 Us = Fyth a & 103
c : i D

parlcndave %

| dreey ke

paran-ase
| oy kv

T 1 |||I'I'!
ol

ALEM ) 3

Hirgia L SO, 2,

Fythia L = ML, 2 La, ] Fythia L & ML, 2 L,
T TTaee b = ™ T TTaee b =
T 3T arcl =pT : T ITacl =pT

wficia LT BRI, WO,

0.2 .4 . : L 0.2 .4
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e SUQE KOV 2rmiEsEior

e

Cancellation 1n Sudako
real collinear

Inside a NLO calculation

MC@GNLO, POWHEG, NL"3(e+e-)
(Vincia)

Piece of a parton shower
prediction

Methods for including
PS corrections to NLO
predictions must remove
the overlap

Highly non-trivial: can
depend on subtraction
method, shower, etc.

In some cases, already
covered by ME
corrections in
showers


mailto:MC@NLO

