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Abstract. In this review Artu:le we will develop the perturbative framework for
the caleulation of hard g P We will undertake to peovide both a

rgeu'mu’ Jop dthehmdmdhrdmttmngdquu‘hmd
gluom as well as an mtuiti g of the physics behind the scattering. We
will emphasize the role of hgpm}umc corrections as well as power counting m as in
order to understand the behaviour of hard scartering processes. We will include *rules
of thumb” as well as “official recommendations” , and where possible will seek to dispel
some myths. We will also discuss the mmpacl tolw& on the of
hard scattering Feocemcs. Experiences that have been guwed at the Fermilab Tevatron
will be 1 d and, where appropriat polated to the LHC.
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Some lecture notes based on review article
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www.pa.msu.edu/~huston/seignosse
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Jets in Hadron-Hadron Collisions expiain It In 60 seconds

N § 2 3 4 2 5
S. D. Ellis.” J. Huston,” K. Hatakeyama.” P. Loch.” M. Tonnesmann, J Bl S are sprays of particies that fi aut fom certain high-energy
collisions—for instance, from viclent collisions of profons
lUniversity of Washington, Seattle, Washington 98195 and antiprotons at'Flefmiab‘s Tgvaﬁon accelerator, or in the similar
201010 . . . . 99 proton-proton collisions that will take place at CERN's Large
Michigan State University, East Lansing, Michigan 48824 Hadron Colider.
*Rockefeller University, New York, New York 10021 tmzmse mflrl:bn; cr:;f_e_m e_oe:%sﬁc th and :;Iuons: f t:e/
AT Tni Fr. . . away from the collision point, they emit more gluons, whic
Unwersnt) of .Anmna" 'I'\lcs;on, Anz?na 85721 can split into even more gluons. This results in a relatively narrow
5Max Planck Institute fur Physics. Munich, Germany cascada, or jet, of particles.
In the last stage of jet creation, quarks and gluons combine to
December 14, 2007 form particles such as protons, pions, and kaons, By measuring

thesa end products, physicists can determine the properties of a jet,

and thus the details of the collision that produced it. Scientists

expect o see jets in the signatures of Amost every inferesting colision
Abstract at the Large Hadron Collider.

: : - : The most viclent collisions will produce jets with the highest
In this article, we review some of the complexities of jet algorithms and of the resultant compar- .
isons of data to theory. We review the extensive experience with jet measurements at the Tevatron, e
the extrapolation of this acquired wisdom to the LHC and the differences between the Tevatron

within the colliding protons, less than one-billionth of a billionth

f ter. Physicists th these t fic jets
and LHC environments. We also describe a framework (SpartyJet) for the convenient comparison :omei::i de ;s:::m;:p ;m z::n ul:ewmm.mos el

of results using different jet algorithms.

{ Joey Huston, Michigan State University

\

Contents
1 Introduction 2
2 Factorization 3
3 Jets: Parton Level vs Experiment 7
3.1 Iterative Cone Algorithm ................................... 7 “W/)e,‘) ou 're a e{
300 Definitions . .. ... ... 7 2 ,y , JEL
312 R, Seeds and IR-Sensitivity . . . . .. ... ... ........ ... ... 1 you're a jet all the way,
g:.: mdl.au and Midpoint Algorithms . . . . ... ... ... ... ... ... ... :g b from your first g/LIOH Sp/l'f
1. CEIE . o oo oo e e e
305 SUIMIALY . o .ot ottt e 16 to your last K decay...”
3.2 krAlgorithm . . . .. e e 16
3.3 Jet Masses for Jets at NLO . . . . . . ... oL 18
3.4 Recent Cone Algorithm Issues . . . . .. .. ... ... .. . . ... .. ... .. .. .. 21 Symmetry
34.1 Jets at the “Smeared” Parton Level and Dark Towers . . . . ... ........ 21 A joint Fermilab/SLAC publication
34.2 The Search Cone Algorithm . . . .. ... ... ... ............... 22 :‘%E‘:; 500
34.3 The Midpoint Cone Algorithm with a “Second Pass" . ... ... ........ 25 Batavia llinois 60510
344 SUIMIMALY . . . . v e e e e e e e e e 25
35 Jetsatthe Hadron Level . . . . . . .. ... o 25

1 symmetry



Some background: what to expect at the LHC

...according to a theorist, perhaps
like many of you
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What to expect at the LHC

..according to a theorist
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+ known knowns
+ known unknowns
¢ unknown unknowns
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What to expect at the LHC

...according to a theorist ® According to a former
Secretary of Defense
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]

Ao SM at the Tevatron

a (most of) SM at the
LHC

¢ known unknowns

A some aspects of SM at
the LHC

¢ unknown unknowns
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Discovering the SM at the LHC

® \We're all looking for BSM physics at
the LHC

® Before we publish BSM discoveries
from the early running of the LHC, we
want to make sure that we measure/ = =
understand SM cross sections 2 T

+ detector and reconstruction
algorithms operating properly

+ SM physics understood properly

+ SM backgrounds to BSM physics
correctly taken into account

FUNDAMENTAL PARTICLES AND INTERACTIONS

P —
® ATLAS will have a program to b o i ¢
measure production of SM processes: ol B i
inclusive jets, W/Z + jets, heavy flavor T e
during first inverse femtobarn « " 1
+ so experimenters need/have a Y P \ S et
program now of Monte Carlo 2wk ) <~\-/§ L .
production and studies to make ° o er e | SR
sure that we understand what M 2SN
issues are important N o/ i
+ and we also need tool and i T -
algorithm and theoretical 10 Eu o - 500 G
prediction developments 107 el S

Js (TeV)



Cross sections at the LHC

® Experience at the Tevatron is LHC parton kinematics

very useful, but scattering at
the LHC is not necessarily

just “rescaled” scattering at
the Tevatron

® Small typical momentum
fractions x in many key
searches

+ dominance of gluon and
sea quark scattering

+ large phase space for
gluon emission and thus
for production of extra jets

+ intensive QCD
backgrounds

e Or to summarize,...lots of
Standard Model to wade
through to find the BSM *

pony

= (M/14 TeV) exp(zy)

Q" (GeV)
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Looking back in 15 years

LHC vs time: a wild quess,...

Leptoguarks, m= 1.5 TeV
Compositeness, A = 30 TeV

Extra-dimensions G — e*e, m=~1 TeV

H,mH-115 GeV

H— 4], m,, = 180 GeV
m=1TeV SUSY (3,q)

Z'— e*e, m=1 TeV

tt - First top quarks observed in Europe!

m=25TeV SUSY (3,q)
eV-scale resonances from WW scattering

L
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...but before looking back

e
Understanding SM predictions at the LHC

LO, NLO and NNLO calculations
K-factors

“Hard” Scattering

benchmark cross
outgoing parton ~ Sections and pdf
correlations

PDF’s, PDF luminosities
and PDF uncertainties

proton proton

underlying event underlying event
initial-statc
radiation

underlying event
and minimum outgoing parton
bias events

final-statc
radiattn Sudakov form factors

jet algorithms and jet reconstruction



Parton distribution functions

® Calculation of production cross

sections at the LHC relies upon 27
knowledge of pdf’s in the relevant o B2 I e 100 ceven
kinematic region “or [,
® Pdf's are determined by global 6 --.. down  CTEQ6.1M
analyses of data from DIS, DY and jet - LU gl"‘f gigg:: o
production il i oo g ' o
® Two major groups that provide semi- 2k
regular updates to parton distributions & -
when new data/theory becomes X 'r
available = GF
+ MRS->MRST98->MRST99 i
->MRST2001->MRST2002 ol
->MRST2003->MRST2004->MSTW2008 :
+ CTEQ->CTEQ5->CTEQ6 s b
->CTEQ6.1->CTEQ6.5/6 :
+ All global analyses use a generic form 02 b
for the parametrization of both the [ .
quark and gluon distributions at some O il ol
reference value Q,, where Q, is 10 10 10 10
usually in the range of 1-2 GeV X
o Pdf,S are available at LO, NLO and Figure 27. The CTEQ6.1 parton distribution functions evaluated at a Q of 10 GeV.
NNLO

® NB: currently working on modified LO _ Al(1 _ A2 _
pdf’s for use with parton shower F(x, Qo) = Agx™'(1 —x)™* P(x; A3, ...).
Monte Carlos



Parton distribution functions

® All of the above groups provide ways
to estimate the error on the central
pdf
+ Hessian methodology enables full
characterization of parton

parametrization space in
neighborhood of global minimum

2-dim (i,j) rendition of d-dim (~16) PDF parameter space

contours of constant 2 global

u,: eigenvector in the [-direction
p(i): point of largest a; with tolerance T
(i) S, global minimum

diagonalization and

rescaling by
the iterative method

« Hessian eigenvector basis sets

(a)
Original parameter basis

(b)
Orthonormal eigenvector basis

Figure 28. A schematic representation of the transformation from the pdf parameter basis to the
orthonormal eigenvector basis.

+ CTEQG6.1 has 20 free parameters
so 20 directions in eigenvector

sSpace ~
AX = [max(X; — Xo, X; — X0, 0)]%,
40 error 2 o X7 = Xo
pdfs
N
AXpy = | Y_Imax(Xo — X{, Xo — X7, 0)12.
\ i=1

Inclusive jets at the Tevatron

0.1 0.1 0.1 0.1
Of——=——1 0 9 0 3 Ot
=0 ~0.1 -0.11 ~0.1
200 400 200 400 200 400 200 400
0.1 0.1 0.1, 0.1
op—= of=—="5 o—=1| o——&
"1 00 a00 T 200400 T 200 400 "¢ 200 400
0.] O.l 0.1 ; 0.1
Ol Of=—10 of—1| o L
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O 0.1 0.1 0.1 .
o— o——I o )< S| Q16
0.1 - 8 -0.1¢ —0.1 D
O 50700 ~ ! 200900 ' 200400~ 200 400
0.1 0.1 0.1, — ol
0 \17 0 ——4R8 0 ‘4-""7{.|79 0l .:20
G =0.1 =0.1¢ -0.1
50400 ' 200400 ' a0 200 200 400

Figure 29. The pdf errors for the CDF inclusive jet cross section in Run 1 for the 20 different
eigenvector directions. The vertical axes show the fractional deviation from the central prediction

and the horizontal axes the jet transverse momentum in GeV.

a theory uncertainties

a higher twist/non-perturbative effects
A choose Q2 and W cuts to avoid

a higher order effects (NNLO)

a heavy quark mass effects (see later)




Parton kinematics

LHC parton kinematics

® To serve as a handy “look-up” table, L et
it's useful to define a parton-parton m iz = WIAT) ey o ]
luminosity - S
+ this is from the review paper ’ :
(CHS) and the Les Houches i
2005 writeup T ot
® Equation 3 can be used to estimate ; o'
the production rate for a hard 0L
scattering at the LHC as the product R
of a differential parton luminosity and S
a scaled hard scatter matrix element : |

100 PRETTTT M
7 10 100 10f 100 107 100 10°

dL;j 1 1 _ B
2 —_— .1 (xo, 1 2 ) 1
&idy s 1+0; [filwr ) fi (o, 1) + (1 5 2)] "

The prefactor with the Kronecker delta avoids double-counting in case the partons are identical. The
generic parton-model formula

1
7= /0 dxy dzy fi(w, 1) fi(x2, 1) 6ij 2)
N

ds dL;.:
— —d L]
g Z/( "") (d.%dy)(

can then be written as

VP

Gij) - (3)



Cross section estimates

As [dL;; @500 GeV tT mass, gg factor of 10 larger than qQ; oxs factors
( J) (56ij ~ same;
\ H
~1*4E4 pb * 0.012 = order of 500 pb (LO)

|l IIIIIIII 1 IIIIIIII |l lllllll

1010

109 SJ(] : gg—abB

108 g9

Note threshold
behavior for gg
more complex
than for gQ

107
108
108 qQ L
104 \

103

dL/d§ [pb]

10°
10!
109

qq-> W'wW

10— 1 10 T I 4
0 2 4 6 8 10

_2 A
10 VS(TeV)
10—3 1 1 1 I 11 lll 1 1 1 11 llI 1 1 1

0.01 0.05 0.10 0.50 1.00 5.00 10.00  Figure 71. Parton level cross sections (36;;) for various processes involving massive partons in

Sqrt(§) [TeV] the final state.

A

Fig. 2: Left: luminosity [%%:‘L] in pb integrated over 3. Green=gg, Blue=g(d + u +s+c+b) +gld+u+5+¢+b) +
(d+u+s+c+b)g+(d+i+35+c+b)g,Red=dd + uii + s5 + ¢ + bb + dd + @u + 5s + éc + bb. Right: parton level

cross sections [§4;;| for various processes



Fractional uncertainty of dL/ds

PDF uncertainties at the LHC

2.0

1.5

1.

o

0.5

0.0
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I
Il

Integrated over y |

gg

R T I FOTH T P

f

tT

0.01

0.05 0.10 0.50 1.00 5.0010.00

Sqrt(s) [TeV]

Fig. 4: Fractional uncertainty of gg luminosity integrated over y.

NBIII: tT uncertainty is of

the same order as W/Z

production

Note that for much of the

SM/discovery range, the pdf
luminosity uncertainty is small

Need similar level of precision in

theory calculations

It will be a while, 1.e. not in the

first fb!, before the LHC

data starts to constrain pdf’s

2.0- M R T

2.0- L R UL R U

1.0 I I I NRRARRRRIRRRRRR ]'[“Tm
S I ———i )|

05—

Fractional uncertainty of dL/ds

0.0 L L
0.01 0.05 0.10 0.50 1.00 5.0010.00

Sqrt(s) [TeV]

Fig. 7: Fractional uncertainty for Luminosity integrated over y for dd + wii + 53 + ¢ + bb + dd + fiu + 35 + &c + bb.

gd

15—

T

]

Integrated over y

1.0 “H m T
([

05—

Fractional uncertainty of dL/ds

P UTT! B B

0.0
0.01 0.05 0.10

Sqrt(s) [TeV]

0.50 1.00

5.0010.00

NB I: the errors are determined
using the Hessian method for
a Ay? of 100 using only
experimental uncertainties,i.e.
no theory uncertainties

NB II: the pdf uncertainties for
W/Z cross sections are not the

Fig. 6: Fractional uncertainty for Luminosity integrated over y for g(d + u+s +c+b) + g(d+a+5+c+D) §lma I | eSt
s+c+blg+(d+a+5+E+Db)g,



Ratios:LHC to Tevatron pdf luminosities

Processes that depend on qQ initial
states (e.g. chargino pair production) g
have small enchancements

Most backgrounds have gg or gq
initial states and thus large
enhancement factors (500 for W + 4
jets for example, which is primarily gq)
at the LHC

1000 -

-
o
o

dL/ds [LHC] / dL/dS [Tevatron]

W+4 jets is a background to tT :
production both at the Tevatron and at ) S PV S PP AR PP Iy
the LHC Sqrt(3) [TeV]
tT production at the Tevatron is largely Figure 11. The rati of parton-parton uminosity [12] in pb integrated over y at the
through a qQ initial states and so qQ- B AR o4 LA A NP
>tT has an enhancement factor at the O oo e
Luckily tT has a gg initial state as well  E .
as gQ so total enhancement at the T wp 3
LHC is a factor of 100 gl 3
o butincreased W + jets TeE 3
background means that a higher o 1
jet cut is necessary at the LHC iZ:z; oW\
+ known known: jet cuts have to be T e e
higher at LHC than at Tevatron i 10, To patoparon it (165 1 g o . G

Blue=g(d+u+s+c+b)+g(d+a+5+2+b)+(d+u+s+c+bjg+(d+ua+s+c+b)g,
Red=dd + ut + s§ + c¢ + bb + dd + tu + §s + ¢c + bb. The top family of curves are for
the LHC and the bottom for the Tevatron.



The LHC Environment




Known unknowns: total cross section at LHC (14 TeV)

® Fair amount of uncertainty on
extrapolation to LHC

*

*

In(s) or In?(s) behavior

rely on Roman pot
measurements

A need 90 m optics run;
sometime in 20097

extrapolating measured cross
section to full inelastic cross
section will still have uncertainties
(and may take time/analysis)

we’ll need benchmark cross
sections for normalization

® Also uncertainty on dN,,qeq/dN
and chharged/de

2

role of semi-hard multiple parton
interactions

reasonable expectation is 7-8
particles per unit rapidity and
<p;>~0.65 GeV/c

10K events should be enough

o

— G.G.P.S. model, using GRV P.D.F.
--- modified G.G.P.S. model, using GRV P.D.F.

Luna-Menon model, hep-ph0105076
Cudell et. al. model, hsp-ph0212101
Block-Halzen model, Phys.Rev. D 72 036006 {2005)
Donnachie-Landshoff model, PRL 8206(1992) 227, o

i u proton-proton
s A proton-antiproton
v e UA5
A A UA1
e O UA4
! - * CDF
¥ v E811
L L llllll llll 1 1 llllll
10 10° 10° 10*
Vs (GeV)



Early triggering in ATLAS

Beam pickups will indicate which ey,
bunches are filled 15 '
Need a fast signal from detector that

an interaction has occurred

This is the role of the MBTS counters ... oy

+ mounted on LAr cryostats and

cover an m region from ~2 to
3.8

ik ] ' e

+ 8 segmentsin ¢ on each side; 2 o

Segme.n tsinm _ , etrigger logic still being determined
* good signal to noise offline *forward/backward coincidence, multiplicity at L1
+ signal to noise online is being emore info at L2, if needed
improved by mods to drawers *will be first detector in ATLAS to die (but ok for year)




Known unknown: underlying event at the LHC

® There’s also a great deal of The structure of the underlying event
uncertainty regarding the level of
underlying event at 14 TeV, but iy Sttty

it's clear that the UE is larger at et ke intaractioms.
the LHC than at the Tevatron

® Should be able to establish
reasonably well with the first
collisions in 2008

Proton

Underlying Event

p) HERWIG (without multiple parton
interactions) does not produce
enough “associated” PTsum in the
direction of PTmaxT!

¢ ~20M MB events will allow
overlap with hard scatter D || - et . 8
. Ny e And HERWIG (without multiple e coou =
_ v on o o] o doatt ) s e e e e e e
direction opposite of PTmaxT! whocin
g - i 4 PYTHIA6.214 - Rome (CTEQSL) 1 ye prediction £ 16 [ A PYTHIAG.2- Tune A (CTEQSL) LHC prediction
g [ © JIMMY4.1-DC3 (CTEQSL) ¥ 14 [ o mnmi-pescreos
% 10 - ® PYTHIAGIM-DC3 (CTEQEL) 5! [ = PYTHIA6323- UE (CTEQSL)
g r 5 F
z r 7 12 -
g [ @ coFa \ + # g L + *
; 8 T ata M# +++ ++ ++++ Hﬁ T :_ @ CDF data ++++++ ++++Hﬂ
[ i S o & A
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Figure 89. Pythia6.2 - Tune A, Jimmy4.1 - UE and Pythia6.323 - UE predictions for ~Figure 90. Pythia6.2 - Tune A, Jimmy4.1 - UE and Pythia6.323 - UE predictions
the average charged multiplicity in the transverse region in the underlying event for for the average sum of the transverse momenta of charged particles in the transverse
LHC pp collisions. region in the underlying event for LHC pp collisions.



Known known: the LHC will be a very jetty place

® Total cross sections for tT and

Higgs production saturated by tT
(Higgs) + jet production for jet p;
values of order 10-20 GeV/c
® Gyizjets ~ Ow+2jets
W41 jet (NLO) :
100000 [f Vet 3
3 ?.‘,’" --------- W3 jots ELO?CTEQM) E
T N _
£ 10000 s
§ ; Seads.
1000 1 \:‘.::-'ZZ: .....
1 5‘1 | | L | | \\u‘\_’

100 200 300 400
Leading jet ET [GeV]

Figure 91. Predictions for the production of W+ > 1, 2, 3 jets at the LHC shown as a function
of the transverse energy of the lead jet. A cut of 20GeV has been placed on the other jets in the
prediction.

® |Indication that can expect interesting
events at LHC to be very jetty
(especially from gg initial states)

® Also can be understood from point-of-
view of Sudakov form factors

2000 T T T | T T T T | T T T ] | T T T ] T T 1 I_
= tT + jeto for pt=20 at NLO |
& 1000
3 m00 tt (NLO) %
& B00EF————>g-—-——-——-———-————— E
A tt (LO) —
3 300 =
:p'.:‘ 200 —]
b i

100 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 1 J_
20 40 60 80
p'l'.min [GeV]

Figure 95. The dependence of the LO t7+jet cross section on the jet-defining parameter pr,min.
together with the top pair production cross sections at LO and NLO.

60 v LA LI N L L L I R BB
- 4
50 — | —
ro| inclusive H (NNLO) 1
T
o inclusive H (NLO)
40 =— = — = —
F 1
~ \Y
2 \ i
B o 1
b 30- R
inclusive H (LO)
20— -
C \\ ]
L H+jet (NLO) -
10— —
b H+2 jets (LO) ~ 1
Y A N T e S
20 40 60 B0

Pr.min(jet) [GeV]

Figure 100. The dependence of the LO t7+jet cross section on the jet-defining parameter pr pin.

together with the top pair production cross sections at LO and NLO.



Sudakov form factors

Sudakov form factor gives the
probability for a gluon not to
be emitted; basis of parton
shower Monte Carlos

Consider tT production

In going from the Tevatron to
the LHC, you are moving from
primarily gQ initial states to gg
Initial states

...and to smaller values of
parton X

¢ SO there’s more phase
space for gluon emission

So significantly more extra
jets associated with the tT
final state

2000 [

1000
700
500

tt (NLO) -

300

200

o (pr(jet) > pr, min) [PP]

100 1 1 1

1 Lo L 1
40 60 80
pT.rnin [GeV]

Figure 95. The dependence of the LO t7+jet cross section on the jet-defining parameter pr.min.
together with the top pair production cross sections at LO and NLO.

5 08l — ,
] i / J—
K. i
[~ o
E o6 .
5 i
8 B o}
ﬁ0.4_—
©
3
w =
0.2
0'.|....|..|||....|....|.
10 15 20 25 30
I
P (GeV/c)

Figure 96. The Sudakov form factors for initial-state quarks and gluons at a hard scale of 200 GeV
as a function of the transverse momentum of the emitted gluon. The form factors are for quarks
(blue-solid) and gluons (red-dashed) at parton x values of 0.3 (crosses) and 0.03 (open circles).



NLO corrections

® NLO is the first order for which

the normalization, and 5~ (Zy")+X
sometimes the shape, is G A R I B IR R
believable : )
® NLO is necessary for s .
precision comparisons of data 2 _ g "
to theory 5o -
® Sometimes backgrounds to 3
new physics can be W oe T
extrapolated from non-signal : W2 s s 2N
regions, but this is difficult to oL L e
do for low cross section final Y
states and/or final states Figure 38. Predictions for the rapidity distribution of an on-shell Z boson in Run 2 at the Tevatron

at LO, NLO and NNLO. The bands indicate the variation of the renormalization and factorization

Where a Clear Separat|0n Of a scales within the range Mz /2 to 2M7z.
signal and background region
is difficult



NLO corrections

Sometimes it is useful to define a K-factor (NLO/LO). Note the value of the K-factor
depends critically on its definition. K-factors at LHC (mostly) similar to those at Tevatron.

CHS

Table 1. K-factors for various processes at the Tevatron and the LHC, calculated
using a selection of input parameters. In all cases, the CTEQ6M PDF set is used
at NLO. K uses the CTEQ6L1 set at leading order, whilst ' uses the same set,
CTEQ6M, as at NLO. Jets satisfy the requirements pr > 15 GeV and |g| < 2.5 (5.0)
at the Tevatron (LHC). In the W + 2 jet process the jets are separated by AR > 0.52,
whilst the weak boson fusion (WBF) calculations are performed for a Higgs of mass

K-factors may differ
from unity because

120 GeV.
Typical scales Tevatron K-factor LHC K-factor

Process fo 1 K(po) Klpr) K(po) Klpo) K(pa) K'(po)
W mw 2mw 1.33 1.31 1.21 1.15 1.05 1.15
W41 jet mw (p%?t) 1.42 1.20 1.43 1.21 1.32 1.42
W + 2 jets mw (PF) 116 091 120 0.8 088  1.10
tt my 2m; 1.08 1.31 1.24 1.40 1.59 1.48
bb my 2ny, 1.20 1.21 2.10 0.98 0.84 2.51
Higgs via WBF  mpy (pf') 107 097 107 123 134  1.09
Higgs + 1 jet 1.42

Higgs + 2 jets 1.15

tT + 1 jet 119 137 126 097 129 1.10

of new subprocesses/
contributions at higher
order and/or
differences between
LO and NLO pdf’s



Now we come to the “maligned” experimenter’s NLO wishlist

» Missing many needed NLO computations Campbell

An experimenter’s wishlist

B Hadron collider cross-sections one would like to know at NLO
Run Il Monte Carlo Workshop, April 2001 = |
Single boson  Diboson Triboson Heavy flavour
W+ <55 WW + <5j WWW + < 3j tt+ < 3j
WH+bb+<3j] WW+bb+<3] WWW+bb+<3) tH+v+<2)
WH+a@+<3] WWoHe+<3] WWWHy+<3] tT4+W+<2j

Z+<5 ZZ + <5j 7y + < 33 tt+ Z + < 2
Z4+bb+<3j ZZ+bb+<3] WZZ+<3j T+ H+ <25
Z+@+<3f ZZ+cE+<3j ZZZ+ <3j th + < 2j
v+ < 5j vy + < 55 b+ < 3j
-‘;+b3+ﬁ3j —:-;+bB+53,
Y+CC+<3] YY+cC+<3)

WZ+ <5j

WZ+bb+ < 3§
WZ +er+ <35
Wy + < 3j
Zy+ <3

— > 7 years later and
yet not a single
calculation
finished!

Shame




NLO calculation priority list from Les Houches 2005:
theory benchmarks

G. Heinrich and J. Huston

process relevant for

(Vel{zZWn}

1. pp — V V+jet ttH, new physics

2. pp — H + 2jets | H production by vector boson fusion (VBF) *
3. pp — tthb ttH +
4. pp — tt + 2jets ttH

5 pp— VVbb VBF— H — V'V, ttH, new physics

6. pp = VV +2jets | VBF= H - VV

7. pp— V + 3jets various new physics signatures +
8. pp—=VVV SUSY trilepton *

Table 2. The wishlist of processes for which a NLO calculation is both desired and
feasible in the near future.

*completed *

since

pp->bBbB _
added in 2007 list

pp->4 jets
9g->W*W*

working

+people are

e pp — VV + jet: One of the most promising channels for Higgs production in the

low mass range is through the H — WW"* channel, with the W’s decaying semi-
leptonically. It is useful to look both in the H — WW exclusive channel, along with
the H — WW+jet channel. The calculation of pp — WW+jet will be especially
important in understanding the background to the latter.

pp — H+2 jets: A measurement of vector boson fusion (VBF) production of the
Higgs boson will allow the determination of the Higgs coupling to vector bosons.
One of the key signatures for this process is the presence of forward-backward
tagging jets. Thus, QCD production of H + 2 jets must be understood, especially
as the rates for the two are comparable in the kinematic regions of interest.

pp — ttbb and pp — tf + 2 jets: Both of these processes serve as background to tTH,
where the Higgs decays into a bb pair. The rate for ¢£jj is much greater than that
for tbb and thus, even if 3 b-tags are required, there may be a significant chance
for the heavy flavour mistag of a #£j;j event to contribute to the background.

e pp — VVbb: Such a signature serves as non-resonant background to # production

as well as to possible new physics.

pp — VV + 2 jets: The process serves as a background to VBF production of
Higgs.

e pp — V + 3 jets: The process serves as background for #£ production where one

of the jets may not be reconstructed, as well as for various new physics signatures
involving leptons, jets and missing transverse momentum.

e pp — VVV: The process serves as a background for various new physics

subprocesses such as SUSY tri-lepton production.

23 Process 2 has been calculated since the first version of this list was formulated [138].

What about time lag in going from availability of matrix elements to having a parton
level Monte Carlo available? See e.g. H + 2 jets. Other processes are going to be
just as complex. What about other processes for which we are theorist/time-limited?



Go back to K-factor table

® Some rules-of-thumb

® NLO corrections are larger for
processes in which there is a
great deal of color annihilation

¢ gg->Higgs

* Qgg->vY

o K(gg->tT) > K(gqQ -> tT)

® NLO corrections decrease as
more final-state legs are added

¢ K(gg->Higgs + 2 jets)
< K(gg->Higgs + 1 jet)
< K(gg->Higgs)

+ unless can access new initial
state gluon channel

® Can we generalize for
uncalculated HO processes?

¢ so expect K factor for W + 3
jets or Higgs + 3 jets to be
reasonably close to 1

Table 1. K-factors for various processes at the Tevatron and the LHC, calculated
using a selection of input parameters. In all cases, the CTEQ6M PDF set is used
at NLO. K uses the CTEQG6L1 set at leading order, whilst X' uses the same set,
CTEQ6M, as at NLO. Jets satisfy the requirements pr > 15 GeV and || < 2.5 (5.0)
at the Tevatron (LHC). In the W + 2 jet process the jets are separated by AR > 0.52,
whilst the weak boson fusion (WBF) calculations are performed for a Higgs of mass
120 GeV.

Typical scales Tevatron K-factor LHC K-factor
Process Ho K(po) Klpa) K'(mo) Klpo) K(m) K'(po)
W mw  2my 1.33 1.31 1.21 1.15 1.05 1.15
W +1 jet mw  (pF) 142 1.20 1.43 1.21 1.32 1.42
W + 2 jets mw (PF) 116 0.91 1.29 0.89 0.88 1.10
tt my 2m; 1.08 1.31 1.24 1.40 1.59 1.48
bb mp 2my 1.20 1.21 2.10 0.98 0.84 2.51

Higgs via WBF  mpy (p';') 1.07 0.97 1.07 1.23 1.34 1.09

Casimir for biggest color
representation final state can
be in

Simplistic rule /‘

Ci1 + Ci2 - Cf,max

\)

Casimir color factors for initial state




Don’t forget

0.8 —

® NNLO: we need to know
some processes (such

as inclusive jet of
production) at NNLO B e R

. Re S u m m at I O n eﬁe CtS : Figure 16. The single jet inclusive distribution at Er = 100 GeV, appropriate for Run I of the

Tevatron. Theoretical predictions are shown at LO (dotted magenta), NLO (dashed blue) and
NNLO (red). Since the full NNLO calculation is not complete, three plausible possibilities are

affect important physics
signatures L e

do/dEy

T

+ mostly taken into account e ———N
if NLO calculations can be

linked with parton | | \\Q
showering Monte Carlos " e

r 93— H + X8t LHC, my = 125 GoV, o = 394 pb
e Grezzini et al, WRST2002
F o PYTHIA 6215, CTEQSM
§ 08~ HERWIG 6.3, CTEGSM
+ 06§
= [
3 E
04
02 H
53
C 1 L 1 1
° 20 0 60 80 100
Py (GeV)

Figure 102. The predictions for the transverse momentum distribution for a 125 GeV mass
Higgs boson at the LHC from a number of theoretical predictions. The predictions have all been
normalized to the same cross section for shape comparisons. This figure can also be viewed in
colour on the benchmark website.



...and

® BFKL logs: will we finally ~® EW logs: aylog(pi?/m,,?) can be
| he LH
see them at the LHC? a big number at the LHC

0 T T T T
1.0 T 1 Ll T 1 T T Ll T 1 T 1 T 1 1 I
- - M, = 1000 GeV
L i 5 4
08— o M, = 120 GeV
—~ B T - 10 F
(\"1‘ |- -]
, 086 = ] doyo [ oy [%]
\/.\/ I g 5]Mt[ Ehih
= - == = 15 :
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= FroT T T,
- RS ] M, [GeV]
- . -
B BFKL >= 3j (dot—dashed) i jet—production (jg| < 2.5)
02—  NLO my (solid) — — o= <{“'°|-“°,VL° —
[ NLO <pqg> (dashed) :: = 104 Vs = 14000 GeV (LO)  —
| . i ] r ]
r BFKL 3j (dotted)I | I % w0 b E
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 \: F 1
2 2.5 3 3.5 4 g0t =
3 r 18
lead jets rapidity difference (n,-7,) ® 1078 [~ - =
®
]
Figure 92. The rate for production of a third (or more) jetin W+ > 2 jet events as a function of the o — &
rapidity separation of the two leading jets. A cut of 20 GeV has been placed on all jets. Predictions ©
are shown from MCFM using two values for the renormalization and factorization scale, and using P E
the BFKL formalism, requiring either that there be exactly 3 jets or 3 or more jets. i’ _20f- _
“sof- E
D S BN I B
0 1000 2000 3000 4000

Ey (GeV)

Figure 107. The effect of electroweak logarithms on jet cross sections at the LHC.



Precision benchmarks:
W/Z cross sections at the LHC

® CTEQ6.1 and MRST NLO '
L . oo FW LHC Z (x10)3
predictions in good agreement ]
with each other Yy W0 [RRRRRIILLRS
£ N RRIRRIIRIRRIRRIR,
® NNLO corrections are smalland & |
negative > f to
16 —
® NNLO mostly a K-factor; NLO  \RST2004  CTEGEL
L] L] 4
predictions adequate for most :
1~H Figure 80. Predicted cross sections for W and Z production at the LHC using MRST2004 and
predICtlonS at the LHC CTEQ6.1 pdfs. The overall pdf uncertainty of the NLO CTEQ®6.1 prediction is approximately 5%,
LO8 P T T ] consistent with figure 77.
105 |- —~ removing S w— Ca e ]
\ i - - gluon prefere .
FoN i low x data s L CTEQ <+ g+g:uon olrilly) " W@ LHC ] MRST
1.04 — — - X (- gluon allowe .
LM E ] f_rorr_1 global o : foun_d a
B SR 1 fitsincreases 2 _ [.... PSP S PR 1 tension
© @ 1.03 — — : = 20 [~ T . | S’ S - bet
R : uncertainty but I X 1 between
< . does not -t ° 20] lowxand
1.02 (— - . =z 18 o] .
i 1 significantly © 1 high x data;
1o1 |- - move central 16 [ e Y ] notpresent
! { answer x.=0 00002 0001 0005 o0oos oo1 1 INCTEQ
loo-llllllljlllll 111—4’1’:’1![]111- 14- anaIySIS
T 18 19 20 21 22 23
Oy (LHC) Figure 81. Predicted total cross section of W* + W~ production at the LHC for the fits obtained
in the CTEQ stability study, compared with the MRST results. The overall pdf uncertainty of the
Figure 82. Lagrange multiplier results for the W cross section (in nb) at the LHC using a prediction is ~5%, as observed in figure 77.

positive—definite gluon. The three curves, in order of decreasing steepness, correspond to three

sets of kinematic cuts, standard/intermediate/strong.



Rapidity distributions and NNLO

pp = (Z,7")+X

® Effect of NNLO just a

small normalization g o ]
factor over the full : 3 ]
rapidity range S o\

® NNLO predictions oo\
USi ng N LO pdf’S are Figure 87. The rapidity distributions for Z production at the LHC at LO, NLO and NNLO.
close to full NNLO I R k.

results, but outside of ~ _ | - |
(very small) NNLO s |
error band $er i

Figure 88. The rapidity distributions for Z production at the LHC at NNLO calculated with NNLO
and with NLO pdfs.



W/Z p; distributions

® p,distributions will be shifted
(slightly) upwards due to
larger phase space for gluon
emission

® |'ve generated a million W->ev
and Z->ee events for each of
the CTEQG.1 error pdf's using
ResBos

+ currently ROOT ntuples on
CASTOR at CERN for use by
ATLAS (castor/cern.ch/atlas/
project/smgroup/ResBos

® BFKL logs may become
important and have a
noticeable effect

+ one of the first steps at the
LHC will be to understand the
dynamics of W/Z production

+ can be done with first 100 pb-1
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Figure 89. Predictions for the transverse momentum distributions for Z production at the Tevatron
(solid squares) and LHC (open squares).

W, Z Production at LHC
B B R m e
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Figure 90. The predictions for the transverse momentum distributions for W and Z production
with and without the pr-broadening effects.



Correlations using CTEQG.1 error pdf’s

® As expected, W and Z cross
sections are highly correlated

® Anti-correlation between tT
and W cross sections

+ more glue for tT production (at
higher x) means fewer anti-
quarks (at lower x) for W
production

+ mostly no correlation for (low
mass) H and W cross sections

+ See more later

®
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Figure 99. The cross section predictions for Higgs production versus the cross section predictions
for W production at the LHC plotted using the 41 CTEQ6.1 pdfs.
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. The cross section predictions for Z production versus the cross section predictions for

W production at the LHC plotted using the 41 CTEQ6.1 pdfs.
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Figure 93. The cross section predictions for ¢7 production versus the cross section predictions for
W production at the LHC plotted using the 41 CTEQ6.1 pdfs.



Heavy quark mass effects in global fits

CTEQG6.1 (and previous T e T e e T
generations of global fits) used 1 ‘

zero-mass VFNS scheme e e a HH
With new sets of pdf's """"" L lllll
(CTEQG6.5/6.6), heavy quark “",,A

llI

mass effects consistently taken

into account in g|oba| f|tt|ng Cross R e R R R ¥ Er T e ¥ R e mar B J;.'..;...i ogsbaln o p , ..

sections and in pdf evolution

1'30_ I L B L
In most cases, resulting pdf's are Facomparison a4 Q2 GeV | v | ]
within CTEQS6.1 pdf error bands i — ]
But not at low x (in range of W 2l -
and Z production at LHC) I
Heavy quark mass effects only .
appreciable near threshold e B —

+ ex: prediction for F, at low x,Q at

H ERA Sma”er |f mass Of C, b Figure 6: Comparison of theoretical calculations of F, using CTEQG6.1M in the ZM formalism
quarkS taken |nt0 account (horizontal line of 1.00), CTEQG.5M in the GM formalism (solid curve), and CTEQG6.5M in

the ZM formalism (dashed curve).
+ thus, quark pdf’s have to be
bigger in this region to have an
equivalent fit to the HERA data

\ implications for LHC phenomenology



CTEQS6.5(6)

Inclusion of heavy quark mass
effects affects DIS data in x range
appropriate for W/Z production at
the LHC

Cross sections for W/Z increase
by 7-8%
o now CTEQ and MRST2004 in
disagreement

W/Z increase

+ although individual
uncertainties of W and Z
decrease

Two new free parameters in fit

dealing with strangeness degrees
of freedom so now have 44 error
pdf's rather than 40

Lo

22N i,
_ 20
= 20F
£ C
@ 18-
6 [

16 [—

- MRST2004 CTEQSB.1

14

CTEQ6.5(6)

Figure 80. Predicted cross sections for W and Z production at the LHC using MRST2004 and
CTEQ6.1 pdfs. The overall pdf uncertainty of the NLO CTEQ®6.1 prediction is approximately 5%,

consistent with figure 77.
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Figure 8: W & Z correlation ellipses at the LHC obtained in the fits with free and fixed strangeness.



CTEQS6.5(6)

Inclusion of heavy quark mass
effects affects DIS data in x range
appropriate for W/Z production at
the LHC

...but MSTW2008 has also lead
to increased W/Z cross sections
at the LHC

+ now CTEQG6.6 and
MSTW2008 in agreement

AN

g . 81 (nb)

22 |+
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Illlllllllllllll
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CTEQ6.5(6)
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Figure 80. Predicted cross sections for W and Z production at the LHC using MRST2004 and
CTEQ6.1 pdfs. The overall pdf uncertainty of the NLO CTEQ®6.1 prediction is approximately 5%,
consistent with figure 77.



Now some technical stuff

® Consider a cross section X(a)

® ith component of aradient of X is
o0X 1 _
=9X =-(x'Y - x
aai t 2( 2 7 ) T

® Now take 2 cross sections Xand Y
¢ orone or both can be pdf's

® Consider the projection of gradients of
X and Y onto a circle of radius 1 in the
plane of the gradients in the parton
parameter space

® The circle maps onto an ellipse in the
XY plane
® The angle ¢ between the gradients of

X and is aiven bv

axar ~mvar o (- X0) (K0 -x0)

Cos p =

® The ellipse itself is given by

i§2+ DAY o (9X ) (oY _ in?
AX Ay ) “\ax) \ay )y ==y

Original parameter basis

2-dim (i,j) rendition of d-dim (~16) PDF parameter space

:II p(i)
’ o

contours of constant y? global

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

-

i) S, global minimum

diagonalization and

rescaling by
the iterative method

a.;
L
« Hessian eigenvector basis sets

(b)
Orthonormal eigenvector basis

(a)

Figure 28. A schematic representation of the transformation from the pdf parameter basis to the
orthonormal eigenvector basis.

*If two cross sections are very
correlated, then coso~1
*...uncorrelated, then cos¢~0
-...anti-correlated, then cos¢~-1

cosp A 1 cos p ~ () cosp ~ —1

5Y't, 3Y 4, 5Y ¢,
7 I N\
| |
/ L 0X o JoX \5,\:
| ' |
| |

Figure 1: Dependence on the correlation ellipse formed in the AX — AY plane on the value of the

correlation cosine cosg.



Correlations: W/Z and pdf’s

*At the Tevatron, W and Z cross
sections most correlated with

u,U,d,D pdf's

*At the LHC, W and Z cross

sections most correlated with

charm, bottom and gluon
distributions

*A large correlation with the gluon

for x values ~0.005 is
accompanied by a large

anti-correlation with the gluon at

larger x

*This implies a strong

anti-correlation of W and Z with
heavy states produced by gg

CTEQS6.6: correlation between o, and f(x,Q=85. GeV) CTEQS.6: correlation between o, and fix,Q=85. GeV)

1 1
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Figure 10: (a,b) Correlation between the total cross sections for Z°% and W* production at the
Tevatron and PDF’s of various flavors, plotted as a function of z for @ = 85 GeV; (¢,d) the same
for the LHC



Correlations: Z to W ratio

® The ratio of the Z to W cross
section is most strongly
correlated with the strange quark
distribution

Correlation between oz /. (LHC) and f(x,Q=85. GeV)
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Figure 11: Correlation between the ratio oz/ow of LHC total cross sections for Z% and W+
production at PDF’s of various flavors, plotted as a function of = for @ = 85 GeV.
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Re-visit correlations with Z, tT

pp—h?X vs. pp—(Z°—¢0)X (left) and pp-ttX (right)
Vs=14 TeV, CTEQ6.6, NLO

Define a correlation cosine between two quantities | R | Soslel= 0=
34
cos p ~ 1 cos p a2 ) cosp ~ —1 33|
oY oY 1 .

X I oY I : i
I | 32 L

| | | ; M, = 120 GeV
I I E T

2| - | - ¥
| (5X | (5X (5X [ Coslg]=0.25 1l Cos[¢]=0.13
! ! a I
| | I ~ ; I '
T4 LA
Figure 1: Dependence on the correlation ellipse formed in the AX — AY plane on the value of the 1 [ =" -
correlation cosine cos . 2 :
N>
©
13.6 [ My = 200 GeV
.If tWO Cross SeCtIOnS are Vel"y 4.2; N YCYO.S[“.D].:_,O;S%. — T Cos[‘plzogg e
correlated, then cos¢~1 atl |

My = 500 GeV

«...uncorrelated, then cos¢~0
«...anti-correlated, then cos¢~-1
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Re-visit correlations with Z, tT

cosp 1 cosp ~ 0 cospr —1
. Y 6Y oY
Define a ’ : | !
. | | |
correlation ! : ! X
. | | 2
cosine between 4: \V P
two quantities
Figure 1: Depender ellipse formed in the AX — AY plan the value of the
Correlation with _pp — li — tf (dashes), pp — ZX (dots)

d=> A9gg—h® ¥ bBb—h® + S—h+t O W+h° v h°via WW fusion

.g 1 ?W'F:W“:Z WHh0:z(Tev2) - _.;";{;}_;i::?“::::~:=__¢

o '
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1|

100 150 200 250 300 350 400 450 500
Particle mass (GeV)

*If two cross sections are very
correlated, then cos¢~1
*...uncorrelated, then cos¢~0
-...anti-correlated, then cos¢~-1

*Note that correlation curves to Z
and to tT are mirror images of
each other

*By knowing the pdf correlations,
can reduce the uncertainty for a
given cross section in ratio to

a benchmark cross section iff

cos ¢ > 0;e.g. A(oyt/0,)~1%

*If cos ¢ < 0, pdf uncertainty for
one cross section normalized to
a benchmark cross section is
larger

*So, for gg->H(500 GeV); pdf
uncertainty is 4%; A(cy/6,)~8%



W/Z summary so far

® \We will use W and Z cross sections as
luminosity normalizations in early running and
perhaps always

¢ because integrated luminosity is not going to be
known much better than 15-20% at first and maybe
never better than 5-10%
® The pdf uncertainty for the ratio of a cross
section that proceeds with a gQ initial state to
the W/Z cross section is significantly reduced

® The pdf uncertainty for the ratio of a cross
section that proceeds with a gg initial state to
the W/Z cross section is significantly increased

® \Vould it be reasonable to use tT production as
an additional normalization tool?



Theory uncertainties for tT at LHC

Note that at NLO with CTEQG6.6 pdf’s
the central prediction for the tT cross
section for u=m, is ~850 pb (not 800
pb, which it would be if the top mass
were 175 GeV); ~880 pb if use effect
of threshold resummation

The scale dependence is around

+/-11% and mass dependence is
around +/-6%

Tevatron plans to measure top mass
to 1 GeV

+ mass dependence goes to ~+/-
3%
NNLO tT cross section will be finished
this year (Czakon et al)
+ scale dependence will drop (how
far?)
+ threshold resummation reduces

scale dependence to <6%; may
hope for 3% with full NNLO

tT still in worse shape than W/Z, but
not by too much

+ and pdf uncertainty is (a bit)
smaller
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1100f g

1000t

800 1

7001

600

|

|

| |
EVEWWG,

}(—T VEWWG 2oo7ﬁ|

1000 L_' T

. B T Y Y ] T T T T l Y T T
00 |- \ (pb) (o) al NLO + NLL QCD

800 —

I e{param)/o{ref)

170

172

mt[GeV]

pp - tt, VS=14 TeV

MRST, o (Mz)=0.1175, ky=0.4 GeV
\‘_

M=y

~

.

R

700 | Solid (upp): param={u=m,/2, A=2)

+  Solid (low): param={u=2m,, A=2)
Dots {(upp): param={g=m,/2, A=0)
Dots (low): param=(u=2m,, A=0)

800 [— Dashes (upp): param={x=m,/2, NLO)

| Dashes (low): param={u=2m, NLO)

~—

.

N

174

"-\\fm/m 0.21 do/o _

10 £
0.9 E

08 [, |

AW

176



New tool from John Campbell:
MCFM with pdf errors

® Error pdf parton luminosities stored

along with other event information; PDF error set 24 ---> 920512.494 fb

tremendous time-saving for MCFM PDF error set 25 --->  923791.211 fb
® Example output below from tT at LHC PDF error set 26 --->  919567.536 fb

with CTEQ6.1(virtual diagrams only) PDF error set 27 -—---> 924333.235 fb
PDF error set 0 ---> 922503.705 fb PDF error set 28 —---> 922540.280 fb
PDF error set 1 - 924901.729 fb PDF error set 29 -—---> 917348.784 fb
PDF error set 2 —-—=> 920106.561 fb PDF error set 30 —---> 933489.451 fb
PDF error set 3 == 926873.142 fb PDF error set 31 —---> 921711.144 fb
PDF error set 4 —---> 918314.821 fb PDF error set 32 —---> 920739.212 fb
PDF error set 5 == 924319.039 £fb PDF error set 33 —---> 919592.767 £fb
PDF error set 6 ---> 920737.988 fb PDF error set 34 —---> 923451.843 fb
PDF error set 7 ——-=> 930912.022 fb PDF error set 35 —--> 923859.904 fb
PDF error set 8 —-—==> 914120.978 f£fb PDF error set 36 —=-=> 923632.556 fb
PDF error set 9 —-—-> 944892.019 fb PDF error set 37 —---> 923740.945 fb
PDF error set 10 ---> 899134.509 fb PDF error set 38 -—---> 921204.429 fb
PDF error set 11 -—---> 910661.311 fb PDF error set 39 —--> 922465.341 fb
PDF error set 12 -—---> 933849.973 fb PDF error set 40 -—---> 922560.436 fb
PDF error set 13 -—---> 918037.641 fb K e SUMMARY ———— e
PDF error set 14 -—---> 926658.411 fb * Minimum wvalue 899134.509 fb
PDF error set 15 —---> 929544.061 fb * Central value 922503.705 fb
PDF error set 16 ---> 916165.078 fb * Maximum value 944892.019 fb
PDF error set 17 —---> 926807.189 fb * Err estimate +/- 31131.272 fb
PDF error set 18 -—---> 918520.852 fb * +ve direction 31383.680 fb
PDF error set 19 —---> 914185.317 fb * -ve direction 32098.504 fb
PDF error set 20 —_— 9028791.454 fb R R R R R R R R R R R R R R R R R R R R R R R R R E R E X ]
PDF error set 21 ---> 916124.098 fb real diagrams contribute -70000 fb, so
PDF error set 22 ---> 919646.351 fb central NLO is ~850 pb; threshold resum->880 pb
PDF error set 23 -—---> 922102.562 fb



What about experimental uncertainties?

® 10-15% in first year 3 Caccibret . kP 0404068 2004) | Assume m=175 GeVict
Kidonakis,Vogt PRD 68 114014 (2003) CDF Preliminary
+ unfortunately, which is ‘LoptonsTrack S 301.310.740.5
where we would most like (SIS 7
to have a precise value Dilepton 6.2:1.1:0.7+0.4
j ~50 :
‘ Ultlmately, 5 /O? ;_Lef;%r:)-:;]:%s Kinemat 6.0+0.6+0.9+0.3
+ dominated by b-tagging ,
. Lepton+Jets: Vertex T:
uncertainty? LoptonsJets 8.2+0.5+0.8+0.5
+ systematic errors in LeptonJets: Soft Muo 7.8+1.7 +,9+0.5
common with other ’ Y
. . MET+Jets: Vertex T: .
complex final states, which w3ty 6.1:1.2 £,5+0.4
. SO ’ |
may cancel in a ratio” Allhadrori: orex T 8.311.0 :22:0.5
® Tevatron now does 8% .
| o0 e Skrall 7.3+0.5:0.6:0.4
(non- um) L1 | I L1 1 I L1 1 I L1 1 I | I(lStTt)lil(SJl/s?i;{lluT’)

0 2 4 6 8 10 12 14
o(pp — tt) (pb)



Last but not least: Jet algorithms

For some events, the jet structure is
very clear and there’s little ambiguity
about the assignment of towers/
particles to the jet

But for other events, there is
ambiguity and the jet algorithm must
make decisions that impact precision
measurements

There is the tendency to treat jet
algorithms as one would electron or
photon algorithms

There’s a much more dynamic
structure in jet formation that is
affected by the decisions made by the
jet algorithms and which we can tap in
ATLAS

ATLAS, with its fine segmentation and
the ability to make topoclusters, has
perhaps the most powerful jet
capabilities in any hadron collider
experiment to date...if we take full
advantage of what the experiment
offers

CDF Run Il events

Raw Jet P [GeV/c]
—+ JetClu R=0.7

— MidPoint R=0.7
423

Only towers with E; > 0.5 GeV are shown



Entrez Le SpartyJet

Kurtis Géerllngs
Mlchlgan State University
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Michigan State University
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SpartyJet

What is SpartyJet?

“a framework intended to allow for the easy use of
multiple jet algorithms in collider analyses”

Fast to run, no need for heavy framework

Easy to use, basic operation is very simple

Flexible

ROOT-script or standalone execution

“on-the-fly” execution for event-by-event

results

many different input types

different algorithms

output format

JetBuilder

basically a frontend to
handle most of the details of
running SpartyJet

not necessary, but makes
running SpartyJet much
simpler

Allows options that are not
otherwise accessible

text output

add minimum bias events

gSystm) 'hhs/hh] ;
gSystem->Load("libs/LCDFJet, vnth ]ethlder
StdTextInput textinput(*data/J1_Clust fat

JetBuilder builder;

hudderomﬁam ‘input((InputMaker*)Stextinput);
builder.add_default. a.lu(newcd.(,]aclnstﬁndex( ‘myJetClu”);
builder.set_default cut(0,1*textinput.get

lder configure_output
l spany]et Tree”data/output/simple.root);
pEocess oo

JetAlgorithm * alg = new JetAlgorithm(*MidPointJets");

etPtSelectorTool *selec = new JetPtSel lcmﬂ'nd(l‘(}ev)
‘MidPoint * midpoint = new MidPoint("TOTO")

alg->addTool((JetTt nnl‘))mdpumt)
alg->addTool((JetTool*)

aly te(mjd: mn;m)

ntp.set_data("MidPointJets”, outjets);
ntp filljets() ;

lear jetlist(injets);

clgar (om;eu)

input->filllnput(5 injets);

alg->execute(injets, outjets);

nip.s .ﬁ?} data("MidPointJets", outjets);

Available Algorithms

CDF - JetClu

- MidPoint (with optional second pass)

DO - DORunlICone

(from Lars Sonnenschein)

ATLAS - Cone

- FastKt
Fast]et (from Gavin Salam and Matteo Cacciari)

- FastKt

- Seedless Infrared Safe Cone (SISCone)
Pythia 8 - CellJet

“on-the-fly” method

no input data file, no output data file

from other C++ programs, call a variant of
= Sparty]Jet::getjets( , )

Currently supported data types:

Sparty]Jet::getjets(
Sparty]et::getjets(

Sparty]et::getjets(

Sparty]Jet::getjets(

reconstruct
individual
jets with
new
parameters
in context
of

analysis




SpartyJet ntuples for ATLAS

Typical Run Example
Start with an Athena Aware Ntuple

Run SpartyJet on the Athena Aware Ntuple and
cregte a SpartyJet Ntuple which contains the
sults from the algorithms you specify.

Sparty]Jet ii

Write an Analysis script to read BOTH ntuples.
Adding the Sparty]Jet ntuple as a friend to the
AANT will allow for easy, simultaneous
browsing.

Analysis Scripy _

\__» [‘on-the-fly” algorithmsl

SpartyJe/

From the analysis sclipt, SpartyJet may be
asked to run additionaljalgorithms “on-the-fly”.

Results

® SpartyJet ntuples
produced for W/Z +
jets analysis for
0,1,2,3,4,5 parton
samples

® \VBF Higgs
production

®t{T



SpartyJet

W + 4parton Changing jet parameters: Number of jets

Jet pT distributions
B b MidPoint seed 0.1 GeV
P owE “F MidPoint seed 1 GeV
::E: —r MidPoint seed 2 GeV
wE “:E = . a
zm%_ 2 4 8 8 10 N?l?rufﬂm-
= : SISCone s/m 0.5
m;_ SISCone s/m 0.625
§ m— nd SISCone R=0.4 oo
-] 2" Jet SISCone R=0.7 - SISCone s/m 0.75
wE Cone R=0.4 .
= Cone R=0.7 = =
& 3 :1E'§l 4 1t
bl e Nurrbsr of s
oﬁ_ 0 IJG 1) a0 100 120 140 160 .“JQ( P‘, (G.ﬁﬂ




Jet masses

200 3 Algorithms.

’ . L — MidPoint
® |t's often useful to examine jet
L] . . L] oy H weennnn Fastet Inclusive
masses, especially if the jet might be =
. . 2 140F
some composite object, say a W/Z or s wf
2 100
€ E
even a top quark 3
i ¢ Midpoint A A eo;—
1207 0 Jeicw -, a0~
Fom KT o ' : 20 g0 3
Sapnl_ ® SISC E THighgrt iy ’ gt %10
§100f . NLOggﬁe Hsep:1'3 o — . H . 0 500 il &0 2000 2500 it pT(Gcho
S -+ NLOconeR=1.0 y
@ o[+ NLOconeR,,=20 -0 -7 )
® 80 A .. Figure 50: The inclusive jet cross section for the LHC with a prni, value for the hard scattering of
E r /D’ e approximately 2 TeV /e, using several different jet algorithms with a distance scale (D = Rpn.) of 0.7.
':",‘ 60— 0 A i The first bin has been suppressed.
o O e
@ = . .
g e
5 a0 o i S
C Al v
20— & 70 Py
Lol b b b ba v b b a laag p
100 200 300 400 500 600 700 800 80 Fa
p_(GeV/c)

50

® For2TeV jets (J8 sample), peak
mass (from dynamical sources) is on
order of 125 GeV/c?, but with long tail 2
+ Sudakov suppression for low jet T TR
m asses 10 e Jet Mass (GeV/c?)
. fa”_oﬂ: as 1 /m2 dU e tO h ard glu on Figure 51: The jet mass distributions for an inclusive jet sample generated for the LHC with a pr min

value for the hard scattering of approximately 2 TeV /e, using several different jet algorithms with a
em ISSIOﬂ distance scale (D = R.,,.) of 0.7. The first bin has been suppressed.

40

Number of Jets

30

+ algorithm suppression at high
masses
a jet algorithms tend to split
high mass jets in two



Other features

® Access to jet
constituents

® Y-splitter, to
determine scale at
which jet can be
resolved into n sub-
jets (pending)

® Ability to add n min
bias events

® Event visualization

® gui interface (coming
soon)




Some recommendations from jet paper

® 4-vector kinematics (p+,y and not E+n)
should be used to specify jets

® \Where possible, analyses should be
performed with multiple jet algorithms

® For cone algorithms, split/merge of 0.75
preferred to 0.50



Summary

THE FUTURE 5

0 BRIGHT-- . .

g ® “We have to live with the
Lenk Standard Model we have, not

7

the Standard Model we want.

® Physics will come flying hot
and heavy when LHC turns on
in 2008

+ most likely 10-11 TeV, in
August, with a running period
of 2-3 months

® |Important to establish both the
SM benchmarks and the tools
we will need to properly
understand this flood of data

® So we can have confidence
that any BSM signals that we
see are really BSM




New CTEQ project: CTEQ4LHC

® Collate/create cross section predictions for LHC

¢ processes such as W/Z/Higgs(both SM and BSM)/diboson/
tT/single top/photons/jets...

¢ at LO, NLO, NNLO (where available)
a new: W/Z production to NNLO QCD and NLO EW
+ pdf uncertainty, scale uncertainty, correlations
+ impacts of resummation (g and threshold)
® As prelude towards comparison with actual data
® Using programs such as:
MCFM
ResBos
EKS
Pythia/Herwig/Sherpa
¢ ...numerous private codes with CTEQ
® First on webpage and later as a report

*
*
*
*



2008 CTEQ summer school

...In conjunction with MCNET

A combination of broad lectures on QCD theory, phenomenology and analysis and
a practical approach to event generator physics and techniques, with hands-on
sessions and talks on using them in real analyses

Debrecen, Hungary
Aug 8-16

http://cteq-mcnet.org/




Extra slides



Known known:
underlying event at the Tevatron

Multiple Parton Interactions /outgoing parton

Proton AntiProton

Underlying Evept Upderlying Event

Define regions transverse to the leading jet
in the event
Label the one with the most transverse
momentum the MAX region and that with
the least the MIN region
The transverse momentum in the MAX
region grows as the momentum of the lead
jet increases
+ receives contribution from higher
order perturbative contributions
The transverse momentum in the MIN
region stays basically flat, at a level
consistent with minimum bias events
+ no substantial higher order
contributions
Monte Carlos can be tuned to provide a
reasonably good universal description of
the data for inclusive jet production and for
other types of events as well
+ multiple interactions among low x
gluons

Calorimeter
Jet #1 Direction

“Away*

Region

w
=)

1.0 1

"Transverse' PTsum Density (GeV/c)
=) N
2] o

o
o

200 250
PT(jet#1) (GeV/c)
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Aside: Why K-factors < 1 for
inclusive jet production?

Consider a large transverse momentum process such as the single jet inclusive cross section

Write cross section indicating explicit
Scale-dependent terms that the transverse momentum is sufficiently large that only the quark distributions need
FirSt term (IoweSt Order) in (3) Ieads be considered. In the following, a sum over quark flavors is implied. Schematically, one can
to monotonically decreasing behavior aite the lowest order cross section as
as scale increases & Y _

E——==o0=0a(n)op@q(M) @ q(M) (1)
Second term is negative for u<p-, o | |
p ositive for M> pT where a(p) = ag(p)/2n and the lowest order parton-parton scattering cross section is de-
Third term is negative for factorization
scale M < p;

involving only massless partons. Furthermore, in order to simplify the notation, suppose

noted by og. The renormalization and factorization scales are denoted by p and M, respec-
tively. In addition, various overall factors have been absorbed into the definition of 5. The

symbol @ denotes a convolution defined as

Fourth term has same dependence as oy [l )
lowest order term "3“’""/, y 190 @
Thus. lines one and four give When one calculates the O(a?) contributions to the inclusive cross section, the result can
contributions which decrease be written as
monotonically with increasing scale (1) o = ¥(u)ép®q(M)®q(M)
while _Ilnes two and three start out (2) + 2a%(u) bIn(p/pr)és © o(M) ® o(M)
negative, reach zero when thg scales (3) 4 26%() In(pr/M)Pyy @ 65 @ g(M) ® (M)
are equal to py, and are positive for .

(4) + a*(p) K ® ¢(M) ® q(M). (3)

larger scales

At N LO, reSUIt iS arou ghly parab OIiC In writing Eq. (3), specific logarithms associated with the running coupling and the scale
b eh aVi or dependence of the parton distributions have been explicitly displayed; the remaining higher

order corrections have been collected in the function K in the last line of Eq. (3). The p



Why K-factors < 17

® First term (lowest order) in (3) leads to

monotonically decreasing behavior as scale
increases

Second term is negative for u<py, positive
for p>p;

Third term is negative for factorization
scale M < p;

Fourth term has same dependence as
lowest order term

Thus, lines one and four give contributions
which decrease monotonically with
increasing scale while lines two and three
start out negative, reach zero when the
scales are equal to py, and are positive for
larger scales

NLO parabola moves out towards higher
scales for forward region

Scale of E;/2 results in a K-factor

of ~1 for low E;, <<1 for high E;
for forward rapidities at Tevatron

do/dydE, (pbiGaV)

do/dydE; (pbGeV)

1000

100

0.01

pp-——>jet+X
Vs=1200 GeV E,;=70GeV 2<|y|<3

—= O

+—+NLO

of 1 15 2
WE,
pp-——>jet+ X

¥s/=1800 GaV E,=170GeV 2<|y|<3
L T ¥ T ¥ T

25

. ——= NLO

0.5 1 15 2
WE,

25



Aside: Jet algorithms at NLO

If comparison is to hadron-level Monte d

Carlo, then hope is that the Monte Carlo

will reproduce all of the physics present in

the data and influence of jet algorithms can Z=Dwr/

be understood Pro/Pri

+ more difficulty when comparing to
parton level calculations

Remember at LO, 1 parton = 1 jet

At NLO, there can be two (or more) partons
in a jet and life becomes more interesting

Let's set the p; of the second parton = z
that of the first parton and let them be

1.0 1.0

separated by a distance d (=AR) 084 | " " o4 v lal
Then in regions | and Il (on the left), the 06_] 06_]
two partons will be within R, of the jet z z
centroid and so will be contained in the 5 4
same jet 02_] 02_ eor
+ ~10% of the jet cross section is in R=07 Ren™ 9
Region lI; this will decrease as the jet 04 08 12 16 o4 os 12 16
pr increases (and o decreases) d d
P'S at NLO the kT algorithm Corresponds Figure 22. The parameter space (d,Z) for which two partons will be merged into a

single jet.

to Region | (for D=R); thus at parton
level, the cone algorithm is always
larger than the kI algorithm




W + jets at the Tevatron

(W — ev) +> N Jets CDF Run Il Preliminary

Interesting for tests of Hote emission g R
perturbative QCD formalisms : g
_ _ of each jet 2
+ matrix element calculations  guppressed by &
+ parton showers ~factor of o
s ...0r both

Backgrounds to tT production and
other potential new physics

Observe up to 7 jets at the
Tevatron 10 M ' . . y

Results from Tevatron to the right are =N Jets
in a form that can be easily

compared to theoretical agreement with
predictions (at hadron level) MCFM for low

+ see www-cdf.fnal.gov QCD jet multiplicity i
webpages s 8

+ in process of comparing to - .
MCFM and CKKW predictions o

o remember for a cone of 0.4, -
hadron level ~ parton level i3 —

(W — ev) +> N Jets CDF Run Il Preliminary

@~ CDF Data JdL =320 pb”
E
E
3

10° Jots:

G(= N Jets) |pb]

10" |
0 1 2 3 4
>N Jets




High p- tops

® Atthe LHC, there are many
iInteresting physics signatures
for BSM that involve highly
boosted top pairs

® This will be an interesting/
challenging environment for

Reco t/tbar p;, 1-tag(T) + 2-tag events
50— CDF Il Preliminary, 680 pb'  KS prob = 7.5 %

- @ Wbb
I imi I 40— Bl W+jets
trymg to optimize jet E \ B ets oD
algorithms - It M=172.5)
30 e Data

+ each top will be a single jet

® Even at the Tevatron have

tops with up to 300 GeV/c of o
transverse momentum

Lt

1 I\ K. o 4+ II‘IIII
0 50 100 150 200 250 300 350 400
GeV/c




