Higgs Physics at the Tevatron and LHC:
the QCD issues

J. Huston Michigan State University
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Understanding cross sections 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
initial-statc

underlying event

radiation

Sudakov form factors

underlying event
and minimum outgoing parton
bias events

final-statc

radiation

jet algorithms and jet reconstruction

...but before we can laugh, and count the Higgs bosons,
we have to understand QCD (at the LHC)



CTEQ workshops

® CTEQ has organized a series of workshops in the past,
dealing with both Tevatron and LHC physics

® Given the importance of Higgs physics, at both the
Tevatron and LHC, and the QCD-related questions that
have arisen recently, we thought it would be useful to
collaborate with the Fermilab LPC (thanks for the coffee
and cookies, by the way) to bring about this workshop

CTEQ Topical Workshops and Symposia

e Physics at the LHC: Early Challenges, 14-15 May 2007, Kellogg Biological Station, Michigan State University
e ANL meeting/workshop, May 2006

e Jefferson Lab CTEQ Meeting Physics Session, November 2005

¢ Joint CTEQ/CDF/D0O Workshop on W/Z Physics Fermilab, 22 April 2005

e Fermilab CTEQ Meeting Physics Session, October 2004
e MSU CTEQ Meeting Physics Session, October 2003

e Co-sponsor of 1999 "QCD and Weak Boson Physics workshop in preparation for Run II at the Fermilab Tevatron"
e The Pheno-CTEQ Symposium 1998 - Frontiers of Phenomenology: From Non-Perturbative QCD to New Physics : 23 - 26 March 1998; Madison
e Fall 1996 Confronting QCD with Experiment: Puzzles and Challenges : 7 - 9 November; Fermilab
o Presentation transparencies online
Spring 1996 Top Quark Production and Mass Determination: 4 - 5 April; Fermilab
1995 Collider Physics: 27 - 28 October; Michigan State University
1994 Up and Down Quarks, Drell-Yan, and W Production: 13 May; Fermilab
1993 QCD2TEV: 29 - 30 October; Michigan State University




Wu Ki

® This is in keeping
with the goal that Wu
Ki had in mind when
he formed CTEQ
almost two decades
ago




The agenda

Thursday 19 November 2009
from 08:00 to 17:00

Higgs Physics at the Tevatron and LHC: the QCD Issues S

chaired by: Dan Green, Ian Shipsey (Purdue
U.) , Joey Huston (Michigan State)
Description: The goal of the workshop is to review QCD-related questions that have an impact on Higgs predictions and analyses, with a goal of providing some answers or at least some consensus. Rather than a workshop saturated

with talks, the attempt will be to promote a lively discussion on these issues. The workshop will be held in 1-West at Fermilab, starting at 9 AM CST, with evo broadcasting provided. Higgs at the LHC will be covered in the
morning (for the benefit of people connecting by evo in Europe), and Higgs at the Tevatron will be covered in the afternoon.

The meeting is a joint activity of CTEQ and the Fermilab LPC.

If you are interested, please register so that we have an idea of how many people might attend.

To register please click on "Evaluation” LINK at the top of the page

modification password:CTEQ - for speakers to post their talks

This meeting will be broadcast on EVO: in the Universe room, with the title above, no password. The phone bridge ID is 1393600.

If there are any problems during the meeting, please send an email to huston@msu.edu.

Thursday 19 November 2009|

Thursday 19 November 2009 tops
0900 \welcome, Orientation and Intro to PDF Issuesio) (3 Paper 2 ) Joey Huston (Michigan State University)
0930 gtate of Higgs QCD predictionszo) Laura Reina (Florida State University)
10:00 Higgs in ATLAS (259 Jianming Qian (University of Michigan)
10:45 breakz)

11:15 Higgs in CMS 259 Andrey Korytov (University of Florida)
1200 Fyrther discussion o)

12:30 lunch1hao

1400 Higgs in CDFs) Eric James (Fermilab)
14145 Higgs in DOps) Marco Verzocchi (Fermilab)
1530 break 20

16:00->17:00 Further discussion/short talks
Description: o
Note we will have to move to Curia Il for this part of the meeting.




® ...relatively small
number of talks,
focused on QCD
iIssues, with lots of
time for discussion;

® the goal is to be like a
“Russian seminar”

® If the speaker is the
one who is doing the
most talking, it's not a
success
+ but no smoking




Questions

1) Theory predictions for Higgs + backgrounds to Higgs

a. can we have a dynamic collection of cross sections (detailing methods
and parameters used to calculate these cross sections) for all Higgs
production processes and main backgrounds?

b. understanding consistency and best use of predictions at LO, NLO,
NNLO,NLO+NLL, NNLO+NNLL

(i)
'l startthe @)
discussion @

iv.
V.
Viii.

iX.

Xi.

how consistent are the predictions from CTEQ, MSTW, NNPDF?
how to properly include the cross section/PDF uncertainty due
to the uncertainty on os?

what is the best way of adding PDF and scale uncertainties?
should the factorization and renormalization scales be varied
separately or together?

can we assume similar scales for related processes?

how best to treat the PDF correlations between cross sections?
can we improve the PDF and scale uncertainties by
normalizing to the W/Z cross section?

how do we relate these higher order predictions to the LO
event generators that we most often use?

how to deal with higher order information for differential
distributions ; for example, for the Higgs pT distribution or for
n-jet distributions?

what theory uncertainties do we have to include as acceptance
uncertainties when setting a limit on a cross section, such as
gg->H+X*BR(H->WW)?

is there a concensus on how to deal with calculations of MSSM
Higgs and their uncertainties in 4- and 5-flavor schemes?




Questions

@ using knowledge of NLO calculations to provide best LO estimates for
multi-parton final state calculations for Higgs + backgrounds
i. best scale choices

in extra ii. impact of jet choices

slides, iii. dynamic K-factors for re-weighting of LO distributions

for d. using NNLO/NNLL calculations to provide best estimates for NLO
discussion i. best scale choices

ii. dynamical K-factors for reweighting
what is the impact of jet vetoing on the theoretical uncertainty for a

signal cross section; for a background cross section? How do we
evaluate the efficiency uncertainties for the central jet veto for the
classical VBF Higgs signature? What are the experimental
benchmarks that allow us to choose between the different
predictions?

f. how do we tie the theoretical predictions into data-driven background
predictions?

g. how do we properly split the Higgs signal into 0-jet, 1-jet samples?
How do we evaluate the theoretical uncertainties?

h. photon isolation; can a meaningful definition of isolation that works
for both theory and experiment be adopted a la the Les Houches
working group?



Questions

Calculations needed (see also Les Houches wishlist)
a. WW production (to NNLO)
i. gg->WW atNLO
b. WW production (NLO + resummed)
c. VVijj
d. VVDbB (related to VVijj)
e. tTjj (related to tThB)
f. VBF to NNLO
gg->Higgs + jet to NNLO
updated PDF sets with QED corrections
3) How might the MSSM make Higgs measurements/discovery more difficult?
4) Public codes (or ROOT ntuples) for
a. tTH(-=bB)
b. tTbB
c. tT
d. Wjjj
5) Saving the Higgs (in difficult channels)
a. boosted Higgs
b. tTH (using NLO knowledge of tTbB to discriminate)

=



Questions

Questions from theorists to experimentalists

1. Analysis techniques
a. Can experimentalists make more information available to theorists,
such as (simplified) neural nets, or decision trees? This is especially
true for some Tevatron analyses where the S/B ratio is very difficult.
b. There is a significant discrepancy between NLO theory and
experiment for W + b. What impact does this/might this have for
Higgs exclusion limits?



® Calculation of production cross
sections at the Tevatron and 21 -
LHC relies upon knowledge of N Geoe 100 Goves

pdf's in the relevant kinematic [ __w  CTEGE.IM
region 1.6 [ "‘ ---. down CTEQB.1M

... upbar CTEQB.1M

® Higgs (gg channel) at the LHC 1.45_ . glon  CTEQE.IM  x O.1
sensitive to gluons in range 0.001 :
to 0.1; at Tevatron ~0.01 to 0.3 a3

® Pdf’s are determined by global

analyses of data from DIS, DY
arnhdr(;%t production

® Two-major groups that provide -

semi-regular updates to parton 0

distributions when new data/ [

theory becomes available [

+ MRS>MRST98>MRST99>MRST 0 e

2001->MRST2002 ->MRST2003 <
->MRST2004->MSTW2008

+ CTEQ->CTEQ5->CTEQG6
->CTEQ6.1->CTEQ6.5 Use only modern versions of PDFs; older

->CTEQ6.6->CT09->CT09.1 versions can lead to surprises
+ NNPDF1.0->NNPDF1.1

->NNPDF1.2

xf(x,Q2)

0.8 -

0.6 -

0.2 -

Figure 27. The CTEQ6.1 parton distribution functions evaluated at a Q of 10 GeV.




Cross sections at the LHC

® Experience at the Tevatron is 9 LHC parton kinematics
very useful, but scattering at -
the LHC is not necessarily X = (W TEV) xpE)

: « 1 . 10°F Q=M M=10 TeV
just “rescaled” scattering at -

the Tevatron oL for7 TeV, constant .
: F vy lines move to right E

® Small typical momentum | as shown for _
fractions x for the quarks and E =0 M= TV

gluons 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

¢ oOr to summarize,...lots of
Standard Model to wade
through to find the BSM X

pony

-

Q" (GeV")

10° £ M =100 GeV




LO->NLO->NNLO

® There is a big change in general for PDFs in
going from LO to NLO, but not from NLO to
NNLO

2
&\100 T § —
S b [ okaseses) T [ |[ootoboses)
X 80 | 4 Qese2= 10000 GeVee2 18 - Qee2= 10000 GeVes2
* f —_ gluon  MSTW2008LO x f — up MSTW2008LO
80 B __ gluon  MSTW200BNLO 1.6 T MSTW2008NLO
F gluon  MSTW2008NNLO i up MSTW2008NNLO
70 F 1.4 |- -
60 |- 1.2 -
50 |- 1 =
40 - 08
30 F 0.6
20 0.4
10 0.2 +
0 -_ 0 2l IR 1
107* 107* 107 1072 107"




W/Z agreement

® Inclusion of heavy quark mass

effects affects DIS data in x oW e Z (x10]
range appropriate for W/Z g 1 CTEQ6.5(6)
prOdUCthn at the LHC 20 :— N0 PR R

® .. .but MSTW2008 also has
increased W/Z cross sections
at the LHC 16

+ now CTEQG6.6 and

MSTW2008 in good
aareem ent Figure 80. Predicted cross sections for W and Z production at the LHC using MRST2004 and
g CTEQ6.1 pdfs. The overall pdf uncertainty of the NLO CTEQ®6.1 prediction is approximately 5%,

® NNPDF still low by 5% or so =~ st »iieue
since still working with zero
mass approximation

+ Dbut error estimates will still be
very useful

® ...but, MSTW2008 tT,Higgs
predictions larger than that for
CTEQG.6

+ primarily due to the different
value of ag used

18

g . Bl (nb)
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PDF Errors

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

So we have optimal values [
(minimum %?2) for the d=20 ug eigemvecor n he Lliecsion.
(22,24) free pdf parameters in [ PP e i eleranee t 1 ol
the global fit

+ {a,u=1,.d
Varying any of the free

p(i) Syt global minimum

diagonalization and

>

rescaling by
the iterative method
a;

« Hessian eigenvector basis sets

(a) (b)

parameters from |tS Optlmal Original parameter basis Orthonormal eigenvector basis

Value Wl” |ncrease the XZ Fiﬁlurc 28. lA'schematic lr)epl"esentation of the transformation from the pdf parameter basis to the
orthonorma elgenVeCtOl’ as1S.

It's much easier to work in an

orthonormal eigenvector To estimate the error on an observable X(a),

space determined by due to the experimental uncertainties of the

diagonalizing the Hessian data used in the fit, we use the Master Formula

matrix, determined in the

fitting process 2 oX (.. 0X
AX) =A H —
1 aX ( ) X E Ja, ( ) da

v

“ "2 da Woa,

uv



PDF Errors

. 20 (22 ’ 24) eigenveCtO rs With 2-dim (i,j) rendition of d-dim (~16) PDF parameter space
the eigenvalues having a contours of constant 12qiapay
u;: eigenvector in the l-direction
range of >1E6 T e —— |

p(i): point of largest a; with tolerance T
® [argest eigenvalues (low
number eigenvectors)
CO rrespond to beSt « Hessian eigenvector basis sets
determined directions; @) (b)
. . Original parameter basis Orthonormal eigenvector basis

smallest eigenvalues (high

. Figure 28. A schematic representation of the transformation from the pdf parameter basis to the
num b er el g enve Cto rs ) orthonormal eigenvector basis.

COFFGSPOHd tQ WO_rSt To estimate the error on an observable X(a),
determined directions from the experimental errors, we use the

® Easiest to use Master Formula Master Formula X

o . X
in eigenvector basis (AX) = A2y —(H™') —
;o"a ( ) oa

p(i) Sy global minimum

diagonalization and

rescaling by
the iterative method
a;
—Y

u w v
N
A= g«["‘“"(xi ~ Xo. X; = Xo. OF, where X.* and X- are the values for the
observable X when traversing a distance
N : — 2
Ao = |3 lmax(Xo — X, Xo — X7 O) P CorresponFI|ng to t.he tolerance T(=sqrt(Ay?))
= along the it direction



PDF uncertainties

® Use master formula to construct PDF uncertainties

N

AX oz = \E[’”am(xf+ — X0, Xi” = X0, 0)F tolerance larger for CTEQ

than for MSTW (by design)

AXge =

N
\Z[max(Xo - X' Xo—X,0)2
i=1

up quark: MSTW2008 in CTEQ6.6 error bands CTEQ6.6 in MSTW2008 error bands

| .



PDF uncertainties

® Necessary condition for PDF uncertainties: central fits
for other PDF should be inside error band

® Not always the case for MSTW

gluon distribution: MSTW compared to CTEQ6.6 error band CTEQ6.6 compared to MSTW error band

;C[




Higgs and eigenvectors

® 20 eigenvectors for CTEQ6.1 and
MSTW2008

¢ 22 eigenvectors for CTEQG6.6

a Higgs cross section at LHC sensitive to
eigenvectors 4, 6, 11 and 16 (for Higgs masses of
120 and 200 GeV, joined by eigenvectors 5 and 7
at 300 GeV

A a new technique has been developed by CTEQ
called data set diagonalization, which makes it
possible to create a new eigenvector sensitive to
a cross section/distribution of choice, i.e. one
could create an eigenvector that probes the Higgs
cross section uncertainty

¢ 24 eigenvectors for CT09




PDF luminosities

1010 — T T Y]T71ll T T I"erI
® Define pdf parton-parton 109
. . 8
luminosity e
10
< B lIntegred:lecl (lver y ‘,““I ] GG channel 106
% . “ R T p— —_ 5
. = 44| CTEQES ,;é: 10 qQ
,, . 10t
T I e Ny — - T 3
510 sz ey A S S ~. 10
% i 095 [-25- TR 13 102 for CTEQ®6.1
g L 1 o9l S=(14Tev) |
] o N\ ] [ at 14TeV
& 100 10000 1.06
I O L | \ /] Shat = S x, x, [GeV?] 10°
%801 005010 050100 5001000 10-1
Sart(9) (1] CTEQ6.6 PDF uncertainty, \
close to that of NNPDF . pallssed v s wliaml o v o N
0.01 0.056 0.10 0.50 1.00 5.00 10.00
Sqrt(s) [TeV]
dL;; 1 1
= = [fi(@y, ) fi(x2, 1) + (1 = 2)] . (2)

dsdy s 1+6;
The prefactor with the Kronecker delta avoids double-counting in case the partons are
identical. The generic parton-model formula

o= [ dvides filan,w) flw 1) 5 3



Processes that depend on gQ initial
states (e.g. chargino pair production)
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

W+4 jets is a background to tT
production both at the Tevatron and
at the LHC

tT production at the Tevatron is
largely through a qQ initial states and
so qQ->tT has an enhancement factor
at the LHC of ~10

Luckily tT has a gg initial state as well
as gQ so total enhancement at the
LHC is a factor of 100

¢ butincreased W + jets
background means that a higher
jet cut is necessary at the LHC

+ known known: jet cuts have to be
higher at LHC than at Tevatron

10000 £

1000 -

-
o
o

-
o
TT

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

0.01 0.05 0.10 0.50 1.00 5.00 10.00
Sqrt(s) [TeV]

Figure 11. The ratio of parton-parton luminosity [%%;‘J-] in pb integrated over y at the
LHC and Tevatron. Green=gg (top), Blue:g(d-l—_u+s+c+b)+g(t2_+ﬁ:+§+5+5)+(d+uj-
s+c+b)g+(d+u+5+c+b)g (middle), Red=dd+ut+ss+ce+bb+dd+ tu+5s+cc+bb
(bottom).
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Figure 10. The parton-parton luminosity [%%;‘1] in pb integrated over y. Green=gg,
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.



® But wait, we're not running at 14 TeV, but at 7->10 TeV

® Ratios proportionally smaller
® You get the picture for 7 TeV

000
! F ' 'Illllll T 'I“””I R 1000 ¢ T |||||||| T |||.||| LI R
o N ] C ' ]
' 4
’ .
Gl ] 1 7
=]
: 14 TeV 1 3
: E
o 100 — —]
W 10TeV 3§ ¢ :
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QEJ ] [}
5 1 &
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0.01 0.05 0.10 0.50 1.00 5.00 10.00 0.01 0.05 0.10 0.50 1.00 5.00 10.00
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Figure 1: gg luminosity integrated over y:
Blue = (pp at 10TeV)/(pp at 1.96 TeV);
Red = (pp at 14 TeV)/(pp at 1.96 TeV).

Sqrt(s) [TeV]

Figure 2: gq + gg luminosity integrated over y:
Blue = (pp at 10 TeV)/(pp at 1.96 TeV);
Red = (pp at 14 TeV)/(pp at 1.96 TeV).

Ratios:LHC to Tevatron pdf luminosities [IREEER"

1000 T Illlllll T IIIIIIII

(dL/ds) / (same at Tevatron)

d

L L1111
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1
0.01 0.05 0.10 0.50 1.00

Sqrt(s) [TeV]

Figure 3: uit + dd + s5 + ¢z + bb:
Blue = (pp at 10TeV)/(pp at 1.96 TeV);
Red = (pp at 14TeV)/(pp at 1.96 TeV).

5.00 10.00



® Impact of lower
energies is that you
slide to the right
along the
uncertainty curve
(for fixed Higgs
mass)

® Consider a Higgs of
mass 120 GeV: at 7
TeV, the gg pdf
luminosity
uncertainty is similar
to that of 240 GeV
Higgs at 14 TeV

® |n this case, a good
thing

Fractional uncertainty of dL/ds

gg uncertainties for lower energies

200- l 1 Illlll 1 1 1 Illlll 1 1 l'llll"'-

- Integrated over y |

L 14 TeV g y
1.5— Ly

Ny —>
1.0 e,
05— —

"‘\
o'o 1 1 1 |llll| 1 1 Illlll 1 1 1 Il;\'.ll
0.01 0.05 0.10 0.50 1.00 5.0010.00

Sqrt(s) [TeV]



® 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 H
and W cross sections

36
35k
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sigma(W) (nb)

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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Figure 85. The cross section predictions for Z production versus the cross section predictions for
W nraductinn
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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.



Correlation cosines

® Define angle ¢ between

. cosp ~ 1 cosp ~ () cosp~ —1
gradients for two cross jung Jung oy

. | | |
sections X and Y (for example :/ K\ \ |
Higgs and Z cross section) ' '

/ i 0X \yéx %:\5)(

| |

AXAY  4AXAY

® Higgs Cross section (through
gg fusion) goes from being

— — ,7\;'
VX -VY 1 - _ _
cosp = _ 2 : (Xi(+) _Xi( )) (Yi(+) _Yi( ))
=1 Figure 10. Dependence on the correlation ellipse formed in the §X —dY plane on the
value of cos .

Correlation with pp — ZX (solid), pp — ¢tf (dashes), pp — ZX (dots)

correlated with W/Z at low g uicmion Tooie TR bt e B T i e
mass to being highly anti- g o :
correlated for high mass gosi N '
® Has impact on normalizing to g + + .
W/Z cross section ° & =
« if two cross sections are % i
correlated, then relative PDF =™~ AN
uncertainty cancels [ ~ +
® This is for 14 TeV; will re-do b
for 7 and 10 TeV 100 150 200 250 300 350 400 450 500

Particle mass (GeV)



S
In x range relevant for Higgs 5 0 rrerT—rr—r— e
production, the gluon S | il
distribution is correlated with  Gluon at u = 100 GeV //1;
the value of o, i.e. the larger //{',l
the value of o, the largerthe  _, | //1; il
gluon s ///; e
This means that there is an T /4/’/ i
especially large sensitivityto g 1.0 T
the value of oy S . Il
Two different philosophies & Sl i
+ CTEQ and NNPDF use the world 0.7 Mo

average value of o (m,)(=0.118)

o MSTW uses the value obtained in

their fit (0.120 for MSTW2008)

+ large impact on cross sections
such as Higgs which have large
a3 and ag* contributions
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Higgs and gluon

® Gluon distribution for
CTEQG6.6 and
MSTW2008 almost
indistinguishable in
relevant x range at \

LHC N\
® But MSTW Higgs
(and tT) cross ]

sections are larger S~

because of the larger
value of oy

\-
\



0., errors

CTEQ has produced PDF sets with
different o values in the past

2

we have new a, sets from
CTEQG.6 corresponding to
0,=0.116,0.117,0.119,0.120

MSTW has come out with a new
prescription for calculating o, errors

The key is

2

2

what is the uncertainty on o

if it is +/-0.002, the impact is
relatively small

talking with Siggi Bethke; in his
latest fit (o (m,)=0.1184), the
uncertainty is +/-0.0007 (which he
considers to be >1 sigma)

take 0.0014 as 90%CL errors

then o varies between 0.117 and
0.1198; maybe call it
0.118+/-0.002

MSTW starts from a higher
central value and has a larger
error

200 F
2s0f
200
150f
100F

Parton = g, Q=85.

Hessian PDF errors

1074 1073 1072 107!

MSTW 2008 NLO () PDF fit

§ asof
B C
400
ok
350:

S0F

as(lﬁ)



MSTW o, error prescription

® Since the prescription
for dealing with the
varied o, values is a
bit complicated, they
give examples  Por meertinties given by [1

(AFS&,)_,_ =

S {max [ Fos(Si) — Fos(S), Fos(Sy) — Fos(Sy), 0]}, (7)
k=1

\§

(AFg)- = |3 {max [ Fos(Sy) — Fos(5}), Fos(S,) — Fos(sp), 0]}, (8)
k=1

\§

for each of the five fixed values of ag. Then the overall best-fit prediction is F QOS(SO), where
a? is the best-fit ag value, and the overall “PDF+ag” uncertainties are given by

(AFroryas)+ = max ({F5(S) + (AFg)+}) — F5(S), (9)
(AFportas)- = F*5(S0) — min ({F*(S0) — (AF)- ). (10)

Since this prescription might look quite complicated at first sight, we will give a few concrete
examples of its application and consequences in the following subsections.?



Significant change to Higgs uncertainty

(b)
Higgs cross sections with MSTW 2008 NNLO PDFs
Tevatron,\'s = 1.96 TeV LHC,\s =14 TeV
,\?10:..1 Bp=zar 310...._...,,...,....
T 8§ . < 8- |/|PDFonly ]
o [ o _
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Figure 15: (a) Higgs total cross sections as a function of the Higgs mass at the Tevatron and
LHC. (b) Percentage uncertainty in the Higgs total cross sections when accounting simultane-
ously for PDF and ag uncertainties (outer error bands) as compared to that due to the PDF
uncertainty alone (inner error bands).



Some quick answers

1) Theory predictions for Higgs + backgrounds to Higgs
a. can we have a dynamic collection of cross sections (detailing methods

and parameters used to calculate these cross sections) for all Higgs yes, see for
production processes and main backgrounds? example
b. understanding consistency and best use of predictions at LO, NLO, CTEQ4LHC/

NNLO,NLO+NLL, NNLO+NNLL ATLAS
i. how consistent are the predictions from CTEQ, MSTW, NNPDF? ~ok
ii. how to properly include the cross section/PDF uncertainty due

use world
to the uncertainty on os? >
i , . average
iii. what is the best way of adding PDF and scale uncertainties? _
iv. should the factorization and renormalization scales be varied add in
separately or together? quadrature
v. can we assume similar scales for related processes? :
correlation

vi. how best to treat the PDF correlations between cross sections? —>""
vii. can we improve the PDF and scale uncertainties by cosines
normalizing to the W/Z cross section?

yes (in
many
cases)
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CTEQ4LHC/FROOT

® Colle_lte_/create cross section Primary goal: have all theorists (including you)
predictions for LHC write out parton level output into ROOT ntuples
o Elfoceﬁgefhsgli:ﬂh asdvli%//SZI(/l Y Secondary goal: make libraries of prediction
I9gs(bo an ntuples available
diboson/tT/single top/photons/ "P val
jets... . : .
® FROOT: a simple interface for writing
+ atLO, NLO, NNLO (where Monte-Carlo events into a ROOT
available) tuple fil
A new: W/Z production to NNLO ntupie tile
QCD and NLO EW ® \Written by Pavel Nadolsky
+ pdf uncertainty, scale uncertainty, (nadolsky@physics.smu.edu)

correlations

+ impacts of resummation (g; and ® CONTENTS
threshold)

® As prelude towards comparison
with actual data
® Using programs such as:
+ MCFM
+ ResBos

+ Pythia/Herwig/Sherpa ® taste froot0.c -- an alternative top-

+ ... private codes with CTEQ level C wrapper (see the compilation
® First on webpage and later as a notes below)

report ® Makefile

® froot.c -- the C file with FROOT
functions

® taste froot.f -- a sample Fortran
program writing 3 events into a ROOT
ntuple



® Zoltan Nagy has
some ideas for
making the
calculation of the
factorization scale
uncertainty
somewhat easier,

The last line in Eq. (1.1) is more tricky. The P kernel explicitly depends on the
factorization scale. on the other hand it is not a pleasant expression. On the other hand
for P we have

P°~b(;l~,,ﬂ§):%‘§*)[1aﬂb( Q) — P(x) 100@] , (1.5)

Here the P**(z) functions are the standard Altarelli-Parisi splitting probabilities and @Q?
is an arbitrary reference scale. We can see the factorization scale dependence is simple.
Thus P kernel can be combined with K. Thus we have

! B - 2 Os(#fz) o
[t [ art @m0 @ + P = (SP) e . (0
0 m

Now, the cross section is

ag(uR)\" ay(pg) n H
= <2—FR 1+ 2;' ~Bolog U—R dnfa/A(n 1) dB (1pa)

n+l1
+<aa(# ) / dn fayan, #F){ dBa(pa) + /[dv (IWA)HCQ(UPA)]}
m+1

n+1
— < éﬂR ) 100 / dn faya(n, ) / dzP™(x /dBI, Znpa)
-

Her the last term is the problematic because there is an double convolution. Furtunately
the P**(z) functions are universal. Now, let us change integration variable in such a way
that 77 = zn. We have

1 1
/ dn fura(n. 13 / deP*(z) / dBy(anpa)
0 0 m
1 1 dl‘ .
= [[a1 [ Fhunti/rapp) [ asps
0 T m

Defining a new kind of pdf function

(17)

(18)

by Simplifying the > e Z/ = fosa i/, 1) P () (19)

pdf convolutions

then we have

1 1 1
[ antuatniie) [ awPa) [ asiamna) = [ angfnn) [ aBoma)
0 0 m 0

(1.10)
This integral has the same simple structure like the Born term but with a different pdf
function.
Note, if the pdf function is a leading order pdf then

FA ) (1.11)

2 Jaa(m 1) _ as(KE) o
Hr dp 2w



NLO and the Les Houches wishlist

® NLO is the first order at which the @ Lz WD Comments
normal Izatlon , a nd Sometl meS the Calculations completed since Les Houches 2005
H L. pp— VVijet W Wijet completed by Dittmaier/Kallweit/Uwer,
shape, can be taken seriously CampbelVEllis Zanderighi
and Binoth/Karg/Kauer/Sanguinetti (in progress)
® A great deal of effort has gone into B Hggstzies coplored by Cormmbell s Zanderighi

calculations of 2->3 processes, and et by i Do Dt
now we even have a formalism(s) for """t 4 WS o Hakcrpegpentln
ta C kl | N g 2 - >4 Calculations refaining frpm Les Houches 2005

® The Les Houches wishlist from R e o
2005/2007 is filling up slowly but s e tovar 11
progressively. The effort in 2009 will Borsi TiguiOlen Zoppentelt

8. pp — V+3jets various new physics signatures

result in an updated Les Houches list.
For the Les Houches 2009 writeup,
we would like to specify not only the
new calculations needed, but the level

NLO calculations added to list in 2007

9. pp — bbbb Higgs and new physics signatures

Calculations beyond NLO added in 2007

10. gg — W*W* O(a?a?) backgrounds to Higgs
of accuracy to which we need to know ||} X0t e 7/ Higes oooplings ad SM bonchst
them. This would tell us, for example, s ST
whether EW corrections are needed 13. NNLO QCD+NLO EW for /2 precision caleulation of a SM benchmark

as well

® Public code/ntuples will make the
contributions to this wishlist the most
useful/widely cited

+ not many of the calculated processes
are available to the public

Table 1: The updated experimenter’s wishlist for LHC processes

It's also imperative that decays be included to
allow better matching to experimental cuts.



K-factors

® Often we work at LO by necessity (parton shower
Monte Carlos), but would like to know the impact of
NLO corrections

® K-factors (NLO/LQO) can be a useful short-hand for this
information

® But caveat emptor; the value of the K-factor depends on
a number of things

¢ PDFs used at LO and NLO
+ scale(s) at which the cross sections are evaluated

® And often the NLO corrections result in a shape
change, so that one K-factor is not sufficient to modify
the LO cross sections




K-factor table from CHS paper

Typical scales Tevatron K-factor LHC K-factor
K-factor Process Po | K(po) | K(p1) | K'(po) | K(po) | K(p1) | K'(p0)
for LHC | w my | 2muy 133 | 131 | 121 | 1.15 | 105 | 115
slightly | W+1jet mw | P 142 | 1.20 | 143 | 121 | 1.32 | 142
less W +2jets my | P 116 | 091 | 129 | 0.89 | 0.88 | 110
WW +jet my | 2my 1.19 | 137 | 126 | 1.33 | 140 | 1.42
K-fact
-1actors 4 me | 2m, 108 | 131 | 124 | 140 | 159 | 119
at ti+1jet me | 2my 1.13 | 143 | 137 | 097 | 129 | 110
Tevatron| my | 2m, 120 | 1.21 | 210 | 098 | 084 | 251
Higgs my | Py 2.33 2.33 | 1.72 2.32
Higgs via VBF | my | P 1.07 | 097 | 107 | 1.23 | 1.34 | 0.85
1 ‘
K-factors Higgs+1jet my | P 2.02 | 2.13 | 147 1.90
with NLQ Higgs+2jets | my | P! 1.15
PDFs at

LO are Table 3: K-factors for various processes at the LHC calculated using a selection of input
more parameters. Have to fix this table. In all cases, the CTEQ6M PDF set is used at NLO. K
ften uses the CTEQ6L1 set at leading order, whilst K uses the same set, CTEQ6M, as at NLO
o and K" uses the modified LO (2-loop) PDF set. For Higgs+1,2jets, a jet cut of 40 GeV/c
closer and In| < 4.5 has been applied. A cut of pif* > 20 GeV/c has been applied for the t#+jet
to unity process, and a cut of py* > 50 GeV/c for WW +jet. In the W (Higgs)+2jets process the jets
are separated by AR > 0.52, whilst the VBF calculations are performed for a Higgs boson
of mass 120 GeV. In each case the value of the K-factor is compared at two often-used scale
choices, where the scale indicated is used for both renormalization and factorization scales.



MCFM has ROOT output built in;
standard Les Houches format will be developed

® Grab File Edit Capture Window Help © [ == 4 (= 200% Sunl0:15AM 3% Q
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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

g9g->vy

K(gg->tT) > K(qQ -> tT)

these gg initial states want to
radiate like crazy (see Sudakovs)

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?

What about effect of jet vetoes on K-
factors? Signal processes compared
to background. Of current interest.

® & o o

Typical scales Tevatron K -factor LHC K -factor

Process po | i K(po) | K(pa) | K'(po) | K(po) | K(p1) | K'(po)
w mw | 2mw 133 1.31 1.21 1.15 1.05 1.15
W+ljet my p’Tet 1.42 1.20 1.43 1.21 1.32 1.42
W+2jets mw p’;t 1.16 091 1.29 0.89 0.88 1.10
WW+jet mw | 2mw 1.19 1.37 1.26 1.33 1.40 1.42
it my | 2my 1.08 1.31 1.24 1.40 1.59 1.48
tt+1jet my | 2my 1.13 1.43 1.37 0.97 1.29 1.10
bb my | 2my 1.20 1.21 2.10 0.98 0.84 251
Higgs my p’]‘ft 233 - 233 1.72 - 2.32
Higgs via VBF | mpy p];t 1.07 0.97 1.07 1.23 1.34 1.09
Higgs+1jet my pJT'Et 2.02 - 2.13 1.47 - 1.90
Higgs+2jets my p’;t - - - 1.15 - -

Table 2: K -factors for various processes at the Tevatron and the LHC calculated using a selection of input parameters. In all
cases, the CTEQGM PDF set is used at NLO. K uses the CTEQG6LI set at leading order, whilst K’ uses the same set, CTEQ6M,
as at NLO. For most of the processes listed, jets satisfy the requirements pr > 15 GeV/c and |n| < 2.5 (5.0) at the Tevatron
(LHC). For Higgs+1,2jets, a jet cut of 40 GeV/ec and |7| < 4.5 has been applied. A cut of pj;t > 20 GeV/c has been applied
for the tf+jet process, and a cut of p‘;‘ > 50 GeV/c for WW +jet. In the W (Higgs)+2jets process the jets are separated by
AR > 0.52, whilst the VBF calculations are performed for a Higgs boson of mass 120 GeV. In each case the value of the K -
factor is compared at two often-used scale choices, where the scale indicated is used for both renormalization and factorization

scales.

Casimir for biggest color

representation final state can

be in
Simplistic rule /‘
Ci + Ciz = G max

V)

Casimir color factors for initial state
(not the full story, but indicative)

L. Dixon



Discussed already in several
PDF4LHC meetings

Preprint available on the
archive last Friday
(0910.4183)

Three different flavors of
PDFs

¢ CTOOMCS: momentum
sum rule kept; fit to NLO
pseudo-data

+ CTO9MC1: 1-loop a;
momentum sum rule
violated (by ~10%)); fit to
NLO pseudo-data;

+ CTO9MC2: 2-loop a;
momentum sum rule
violated (by ~14%); fit to
NLO pseudo-data

CTEQ modified LO PDFs

Parton Distributions for Event Generators

Hung-Liang Lai,! Joey Huston,? Stephen Mrenna,® Pavel Nadolsky,*
Daniel Stump,? Wu-Ki Tung,?*! C.-P. Yuan?

!Taipei Municipal University of Education, Taipei, Taiwan
?Department of Physics and Astronomy, Michigan State University,
East Lansing, MI 48824-1116, U.S.A.
3Fermilab, Batavia, IL 60510 U.S.A.
4Department of Physics, Southern Methodist University, Dallas, TX
SDepartment of Physics, University of Washington, Seattle, WA 98105, U.S.A.
1 Deceased

In this paper, conventional Global QCD analysis is generalized to produce parton dis-
tributions optimized for use with event generators at the LHC. This optimization is accom-
plished by combining the constraints due to existing hard-scattering experimental data with
those from anticipated cross sections for key representative SM processes at LHC (by the
best available theory) as joint input to the global analyses. The PDFs obtained in these
new type of global analyses using matrix elements calculated in any given order will be best
suited to work with event generators of that order, for predictions at the LHC. This is most
useful for LO event generators at present. Results obtained from a few candidate PDF sets
(labeled as CT09MCS, CT09MC1 and CT09MC?2) for LO event generators produced in this
way are compared with those from other approaches.



K-factor table with the modified LO PDFs

‘ Typical scales Tevatron K-factor | LHC K-factor
mod LO PDF
K-factor Process Ho | K(po) | K(pa) | K'(po) | Klpo) | K(p1) | K'(po) | K" (p0) I~
for LHC |w my | 2my | 133 | 131 | 121 | 115 | 105 | 115 | 095 | |[Note K-factor
slightly | W+1jet mw | P | 142 | 120 | 143 | 121 | 132 | 142 | 099 | |for W < 1.0,
less W+2jets mw | Pf' | 116 | 091 | 129 | 089 | 088 | 110 | 090 | |aince for this
K.f WW +jet mw | 2my | 119 | 137 | 126 | 1.33 | 140 | 142 | 1.10
-factory 4 m. | 2m, 108 | 131 | 124 | 140 | 159 | 119 | 109 | |t@blethe

at ti+1jet me | 2my 1.13 | 143 | 137 | 097 | 129 | 1.10 | 0.85 | |[comparison
Tevatron| ¢ m, |2m, | 120 | 121 | 210 | 098 | 0.84 | 251 is to CTEQS6.1

Higgs my | P 2.33 233 | 1.72 232 | 1.43

Higgs via VBF | my | po 1.07 | 097 | 107 | 123 | 1.34 | 085 | 0.78 and not to
K-factors miggs+ijet | my |p | 2.02 213 | 147 190 | 133 | |CTEQSG.6,
with NLQ Higgs+2jets | my | pi* 1.15 1.13 | |i.e. corrections
PDFs at .to low x PDFs

LO are Table 3: K-factors for various processes at the LHC calculated using a selection of input due to
more parameters. Have to fix this table. In all cases, the CTEQ6M PDF set is used at NLO. K treatment of
uses the CTEQ6L1 set at leading order, whilst X' uses the same set, CTEQ6M, as at NLO
often and K" uses the modified LO (2-loop) PDF set. For Higgs+1,2jets, a jet cut of 40 GeV/c _heavy quarks
closer and |n| < 4.5 has been applied. A cut of pjf‘ > 20 GeV/c has been applied for the ti+jet in CTEQG6.6
to unity process, and a cut of p* > 50 GeV/c for WW +jet. In the W (Higgs)+2jets process the jets “built-in” to
are separated by AR > 0.52, whilst the VBF calculations are performed for a Higgs boson mod LO PDFs
of mass 120 GeV. In each case the value of the K-factor is compared at two often-used scale
choices, where the scale indicated is used for both renormalization and factorization scales.



Now consider W + 3 jets

Consider a scale of my, for W + 1,2,3 jets. We ) — —
see the K-factors for W + 1,2 jets in the table W3 jets @ Tevatton --LO

below, and recently the NLO corrections for W +3 |
jets have been calculated, allowing us to estimate % .
the K-factors for that process. °

/

L L L N I LR I
/

\

-1r BlackHat+Sherpa
! . | , . | . |
‘ Typical scales Tevatron K-factor LHC K-factor 207 ' T ' ' T y T
151 /
[ S -
Process po | Klpo) | K(pa) | K'(po) | K(po) | K(p1) | K'(po) | K"(p0) & 1
05 _/
W myy QTH“.* 1.33 1.31 1.21 1.15 1.05 1.15 0.95 0 i L | ! L | ! I
W+1jet mw | Pt 142 | 120 | 143 | 121 | 132 | 142 | 099 | 4 12 i B %
W+2jets my | Pt 116 | 091 | 1.29 | 0.89 | 088 | 110 | 0.90 | 0
WW +jet mw | 2mw | 119 | 137 | 126 | 1.33 | 140 | 142 | 1.10 LHC TOTal Cross section
t me | 2my 1.08 | 131 | 124 | 140 | 159 | 119 | 1.09 |
ti+1jet my | 2my 1.13 1.43 1.37 0.97 1.29 1.10 0.85 20 100 200 300 400 500 600 700 800 200 1000
bb my, | 2my 120 | 121 | 210 | 098 | 0.84 | 251 ‘ Syttt
Higgs my | Py 2.33 233 | 1.72 232 | 1.43 60 15 R _ _
4 AN+ S ) -
Higgs via VBF | my | p2 107 | 097 | 107 | 123 | 1.34 | 085 | 078 | A\ W 43 jets @ LHC - %I(L)o i
Higgs+1jet my | Pt 2.02 213 | 147 1.90 | 1.33 50— .
Higgs+2jets my | P 1.15 1.13 — T\ 1
40| —
ol AN . Preliminary .

Table 3: K-factors for various processes at the LHC calculated using a selection of input
parameters. Have to fix this table. In all cases, the CTEQ6M PDF set is used at NLO. K
uses the CTEQ6L1 set at leading order, whilst X' uses the same set, CTEQ6M, as at NLO
and K" uses the modified LO (2-loop) PDF set. For Higgs+1,2jets, a jet cut of 40 GeV/c
and |n| < 4.5 has been applied. A cut of pi > 20 GeV/c has been applied for the t#+jet
process, and a cut of pi* > 50 GeV/c for WW +jet. In the W (Higgs)+2jets process the jets

NS
o
2
2
P
]
=]
D

= 1.5
are separated by AR > 0.52, whilst the VBF calculations are performed for a Higgs boson g .
of mass 120 GeV. In each case the value of the K-factor is compared at two often-used scale = ! ]
choices, where the scale indicated is used for both renormalization and factorization scales. 0.5 .

100 200 300 400 500 600 700 800 900 1000

Is the K-factor (at m,,) at the LHC surprising? b [0eV)



Is the K-factor (at m,,) at the LHC surprising?

The K-factors for W + jets (p>30 GeV/c)

K-factors at scale mW/mH as fn of # of associated jets

fall near a straight line, as do the K-factors
for the Tevatron. By definition, the K-factors
for Higgs + jets fall on a straight line.

2
1.8

Nothing special about my,; just a typical choice. 1.6

The only way to know a cross section to NLO,

say for W + 4 jets or Higgs + 3 jets, is to
calculate it, but in lieu of the calculations,
especially for observables that we have
deemed important at Les Houches,

can we make some rules of thumb?

Related to this is:
- understanding the reduced
scale dependences/pdf uncertainties for

cross section ratios we have been discussing

-scale choices at LO for cross sections
uncalculated at NLO

1.4

K-factor
©c o o -
N ()] (o] — N
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Is the K-factor (at m,,) at the LHC surprising?

The K-factors for W + jets (p>30 GeV/c) K-factors at scale mW/mH as fn of # of associated jets
fall near a straight line, as do the K-factors

for the Tevatron. By definition, the K-factors 2r
for Higgs + jets fall on a straight line. 1.8F " [ClactorWjets Tevatron
Nothing special about m,,; just a typical choice. 1.6} 4 KdfactorW+jets LHC
The only way to know a cross section to NLO, 1'4:_ v Kdfactor Higgs + jets LHC
say for W + 4 jets or Higgs + 3 jets, is to 1.0
calculate it, but in lieu of the calculations, o -
especially for observables that we have § 1
deemed important at Les Houches, S A"
can we make rules of thumb? 0.81
Related to this i 0.6

elated to this is: - -
- understanding the reduced 0.4 Will it be N
scale dependences/pdf uncertainties for the 5 smaller still for .
cross section ratios we have been discussing - W + 4 jets?

-scale choices at LO for cross sections 06"""'
calculated at NLO 0.5 1 1.5 2 25 3 35 4

-scale choices at LO for cross sections Number of associated jets
uncalculated at NLO



Jet algorithms at LO/NLO

® Remember at LO, 1 parton =1 jet d
® By choosing a jet algorithm with \

size parameter D, we are requiring

any two partons to be > D apart Z=Pry/Pri
® The matrix elements have 1/AR

poles, so larger D means smaller
cross sections

¢ it's because of the poles that
we have to make a AR cut

1.0

® At NLO, there can be two (or more) For D=R
partons in a jet and jets for the first oo | | , / |, Reqi ICE”E
time can have some structure o negion =Ky
+ wedontneed a AR cut, since - . Jets, Region I
the virtual corrections cancel ] (nominally) =
the collinear singularity from 02 cone jets; | say
the gluon emission Roo7 : ’
H 0.I4 0.|8 1.I2 1.|6 nomlna”y
+ but there are residual logs , ,
that can become important if , because in data
D i s t 00 Sm a" z:lggl;lfet22 The parameter space (d.Zch\thyéllrvzaTrtRSévé i)élﬁrged into a
® Increasing the size parameter D Il is included for
increases the phase space for cone jets

including an extra gluon in the jet,
and thus increases the cross

section at NLO (in most cases) > not true for WbB, for example




Is the K-factor (at m,,) at the LHC surprising?

The problem is not the NLO cross section; that is well-behaved.
The problem is that the LO cross section sits ‘too-high’. The reason (one of them)
for this is that we are ‘too-close’ to the collinear pole (R=0.4)

leading to an enhancement of the LO cross section (double- H\LL:W
f’ d

LHC total cross section

100 200 300 400 500 600 700 800 900 1000
o777

enhancement if the gluon is soft (~20 GeV/c)). Note that at LO, .
the cross section increases with decreasing R; at NLO it decreases.
The collinear dependence gets stronger as n,, increases. 95 . _
The K-factors for W + 3 jets would be more normal (>1) if a larger g e
cone size and/or a larger jet p; cutoff were used. But that's a LO

problem; the best approach is to use the appropriate jet sizes/jet p;'s

for the analysis and understand the best scales to use at LO (matrix

d i -
6o W +3 jets @ LHC -- 10
M - — NLO

element + parton shower) to approximate the NLO calculation L
(as well as comparing directly to the NLO calculation). S
[ W +1 jets cross section | [ W + 2 jets cross sectlon | |_W +3 jets cross section |
40x1U 14)(10 50003(10
: i g . For 3 jets,
asf- blue=NLO; red=LO ok [ 4500} “‘\ the LO
305 —h [ — 4000} e collinear
- 10} By ! S~ singularity
ok TZO GeV i - 3500F ~o | effects are
- G — § 8 - ?00_ even more
%205— ""—'36—6;/ = 6: - B 35003— pronounced.
F 5 ‘_-"’"/f- g
15E — — i A— 2000f —
10 40 GeV i oo 1500} I
5F of 1000f- ——
F TR PR NPT ol L 1 1 1 1 1 500: N P 1 1 -:
0 02 04 06 08 1 0 02 o04__06 08 1 0 02 04 06 08 1

jet size

NB: here | have used CTEQS.6 for both LO and NLO: CTEQ6L1 would shift LO curves up



® At the Tevatron, my, is a
reasonable scale (in
terms of K-factor~1)
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W + 3 jets at the LHC

A scale choice of m,,, would be in a region where LO >> NLO. In addition, such a
scale choice (or related scale choice), leads to sizeable shape differences in the
kinematic distributions. The Blackhat people found that a scale choice of H;
worked best to get a constant K-factor for all distributions that they looked at.
Note that from the point-of-view of only NLO, all cross sections with scales above
~100 GeV seem reasonably stable.

LHC total cross section Hr = Y, By + B + Er distribution
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FIG. 12: Ratios of LO to NLO predictions for the distributions in the di-jet invariant mass (left

panel) and AR separation (right panel) for the leading two jets in W~ + 3-jet production at the

LHC. In each panel, the dashed (red) line gives the scale choice p = EY', while the solid (black)

line gives the (much flatter) ratio for u = Hop.

Soft collinear effective theory (SCET) suggests scales on the order of 1/4M?, _, +M?,,,
where M, 4 is the invariant mass of the jets



CKKW

® Applying a CKKW:-like scale leads to better agreement
for shapes of kinematic distributions

0
10 F T T T T T
5 NLO, u,
s LO, local scale -
— 3 Alpgen+Herwig ------
= 5 -1
3 S
2 = ey
= u\.'l_ ......
= &
w © 2
° 102t TG
g %
b4
©
102 * : : : : . 107 : : : ' . '
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Er ;s [GeV] Er;q [GeV]
FIG. 3: The transverse momentum distribution of the leading FIG. 4: The transverse momentum distribution of the lead-
jet for W+ + 3 jet inclusive production cross section at the ing jet for W+ + 3 jet inclusive production cross section at
LHC. All cuts and parameters are described in the text. The the LHC. All cuts and parameters are described in the text.
leading color adjustment procedure is applied. The leading color adjustment procedure is applied. All LO

distributions are rescaled by constant factor, to ensure that
the LO and NLO normalizations coincide.
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® Experimentally

¢ in complex final
states, suchas W +n
jets, it is useful to
have et sizes smaller
so as to be able to
resolve the n jet
structure

+ this can also reduce
the impact of pileup/
underlying event

Choosing jet size

CTEQ

® Theoretically

+ hadronization effects
become larger as R
decreases

o forsmall R, the In R
perturbative terms referred
to previously can become
noticeable

+ this restriction in the gluon
phase space can affect the
scale dependence, i.e. the
scale uncertainty for an n-
jet final state can depend
on the jet size,

¢ ...under investigation

Another motivation for the use of multiple jet algorithms/parameters in LHC

analyses.



ATLAS jet reconstruction

® Using calibrated topoclusters, ATLAS has a chance to use jets in a
dynamic manner not possible in any previous hadron-hadron
calorimeter, i.e. to examine the impact of multiple jet algorithms/

parameters/jet substructure on every data set .
towerjets "I blobs of energy in

Cone Repe = 0.7 gmiﬂ s \\ \> the Calorlmeter
caormersr reponse 104~ =" correspond to 1/few

showering @ electronic noise
dead material energy losses & leakage
noise cancellation with towers

~particles (photons,

hadron jet o -
= e {’ \\‘> electrons, hadrons);
S E R 2 ™, il T
Si0 - S AL g e, scan be corrected
&10,', - \ @) 2 ,.,«r«“j‘l 7‘4 1” 2
W s PO ¥ back to hadron
S —— level
w";i cluster jets By W
T S o \\\
“ gy T -~ rather than jet itself
. ~— b |being corrected
rather than reporting _ catorimeter response S e
results only for 1 s e spresson > 17t N _
algorithm/parameter, 4 13:;: . 2t similar to running
show dynamics of each event with tad P, _Wk_—"sat hadron level in
multiple jet algorithms/sizes TITTTS 2 e Monte Carlos



J. Huston, K. Geerlings,
Brian Martin
Michigan State University

P-A. Delsart, Grenoble

Sparty http://www.pa.msu.edu/~huston/SpartyJet/
SpartyJet.html/

Provides the flexibility to perform the jet analyses with multiple algorithms/parameters



Area-based correction: Salam et al

1) Find low p_jets in event. (< 10GeV) We use kT5jet.

W+35] event with kTSJets
2) From these. find average/median pT density of event p Gray jets = Signal Jets

3) Determine area 4 of signal jets _ Colored jets = Low p_ jets

4) Subtract “pileup/UE"estimate i
Pror = P14 e T T
[ PtDensty vs JotEta with ploup | % 80%'"_-_&-_""-7-1_;__'; L e S o . S .
D..',_.i_ n'.‘”:_ QF'60% R - oy
’ 501
o ’ 401
_ 307 -
X . .. 204
o::_ % o::_ ) 10_; |
e e . 0 lall e
L . - L .ﬂ'. - ,
et b i 2 iy, -3 3 -4
* Black points used to find pT density 2 3 5 4

* Red points are then corrected according to Jet area

See presentations of Brian Martin in ATLAS jet meetings.



arXiv:0712.3014

® Tried to come up with an optimal R value for jets, in terms of minimizing
fluctuations

+ but, not taking into account the virtual terms present at NLO

3 9
- sl Tevatron |
LN quark jets
1 & 7r =50 GeV ]|
% 6 /(&%}ﬁ P °
N2 B
g
4 L 5¢
e
: | 7]
g 50
w& o |
06 | / - 1 &
L Tevatron, gluon jets S 4L ®P)2en OpYe
g Tevatron, quark jets - - - - 0 . . . ; : :
05 -7 LHC, gluon jets T 04 05 06 07 08 09 1 11
LHC, quark jets ——— - :
04 PR RS | N PN S | " L
50 100 500 1000
P, [GeV]

Figure 6: The R value that minimises the sum of squared average perturbative, hadronization and
UE contributions, as a function of p;. The approximations are the same as those in Fig. 5, except
that for LHC we have used Apyp = 10 GeV.



Jet sizes and scale uncertainties: the
Goldilocks theorm

® Take inclusive jet production at the LHC for transverse
momenta of the order of 50 GeV

® L ook at the theory uncertainty due to scale dependence
as a function of jet size

® |t appears to be a minimum for cone sizes of the order
of 0.7

¢ i.e. if you use a cone size of 0.4, there are residual un-
cancelled virtual effects

+ if you use a cone size of 1.0, you are adding too much tree
level information with its intrinsically larger scale uncertainty
® This effect becomes smaller for jet p; values on the
order of 100 GeV/c

+ how does it translate for multi-parton final states?




Often, we cut on the
presence of an extra jet

This can have the
impact of improving the
signal to background
ratio
¢ ...and it may appear
that the scale
dependence is
improved
However, in the cases |
know about, the scale
dependence was
anomalous at NLO
without the jet veto,
indicating the presence
of uncancelled logs

The apparent
improvement in scale
dependence may be
illusory

Jet vetos and scale dependence: WWijet

50

pp = WTW +jet+X
VE = 1.96 TeV |
Prjet > 20GeV

o I;)p — \;\" ' \\ +](I-\ o|pb]
Vs = 14 TeV 5k

Prjet > 00GeV ]

olpb] [}
10+

20 F \ i
2 -

10 + — LO 1 — LO
NLO NLO
NLO no 279 separable jet NLO no 2°¢ separable jet
0 . 0 .
0.1 1 10 0.1 1 10
CTEQ6-MRST04 rgy CTEQ6—-MRST04
M;l.STU-! [%] 4 M;{ST[H [%]
92 b i =
L i 2 L i
0 - B ——— = - ——
/ \ 0
2 L L
0.1 1 10 0.1 1 10
wf/Mw )My

Figure 11: Comparison of WW+jet production cross sections in the LHC setup with
PTjet > S0GeV and for Tevatron with pr je¢ > 20GeV: The straight lines show the results cal-
culated with the five-flavour PDFs of CTEQ®6, the dashed lines those calculated with the four-
flavour PDFs of MRST2004F4. Contributions from external bottom (anti-)quarks are omuitted,
as described in Section 2.2.

Project for Les Houches writeup: to categorize
NLO calculations in terms of effect of jet veto



back to tThB

10000 — ' ——

from Stefano Pozzorini

s here scale dependence] o [fb] pp — ttbb + X
ool looks ok at inclusive ] 10000 ¢ : : :
& | NLO E LO s

NLO =—

4000

2000

1000

a jet veto, but
even a cut on
the extra jet

Perturbative instability for small pjet veto

e veto = negative contribution —a?® In%(Qo/ Piet veto)

100 F
e IR log dramatically enhances NLO uncertainty of 50 GeVi/c
® Diect,veto < 40 GeV = NLO-band enters K < 0 range icacr;egar::t:ze
NLO prediction completely unrealiable! t — 172.6 Ge\éncale
_ _ _ i uncertainty
NB: a high p; (100 GeV) jet veto can improve 10
50 100 150 200

the scale dependence slightly; removing
extraneous real radiation? Piet.veto |Ge V]



® Here the NLO inclusive scale dependence looks ok
® Looks even better with exclusive cuts

45 -

NLO, inclusive
40 ¢ NLO, exclusive ----- |

o(u) [pb/GeV]

20

80 100 120 140 160 180 200 220 240
w [GeV]

FIG. 1: The dependence of the W+ + 3 jet inclusive produc-
tion cross section at the LHC on the factorization and renor-
malization scale . All cuts and parameters are described in
the text. The leading color adjustment procedure is applied.

30 . :
LO e
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O 24t .
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80 100 120 140 160 180 200 220 240
u [GeV]

FIG. 2: The dependence of the W~ + 3 jet inclusive produc-
tion cross section at the LHC on the factorization and renor-
malization scale p. All cuts and parameters are described in
the text. The leading color adjustment procedure is applied.
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Now consider jets in real life

® Jets don't consist of 1 fermi .
partons but have a spatial oror AT | |
distribution S N L

® Can approximate this as a J R /
Gaussian smearing of the spatial o e
distribution of the parton energy o /’ IR
+ the effective sigma ranges i
between around 0.1 and 0.3 eemEmmoomEEL R
depending on the parton type Figure 52. A schematic depiction of the effects of smearing on the midpoint cone jet
(quark or gluon) and on the clusterinr oorithe
parton P Sin I T A m 10 |l m
® Note that because of the effects . T
of smearing that ] e
+ the midpoint solution is (almost R o
al way s) lost Figune 2. Th pusmtcs spce (02 b wbich oo vl e e o
a thus region Il is effectively

truncated to the area shown
on the right

+ the solution corresponding to
the lower energy parton can
also be lost

a resulting in dark towers
A clusters of energy not in jets

Figure 50. An example of a Monte Carlo inclusive jet event where the midpoint
algorithm has left substantial energy unclustered.



Jets in real life

® In NLO theory, can mimic the h "
impact of the truncation of Region e+ , |, " oot vl
[l by including a parameter called s 06
Rsep ’ 0.4 ’ 0.4
+ only merge two partons if . ozl
they are within R ., *Rq,e Of R=07 Ry 19
eaCh Other 0.]4 O.IB 1.I2 1.I6 0.I4 0.I8 1.I2 1.I6
a R ~13 i ’

Sep Figure 22. The parameter space (d,Z) for which two partons will be merged into a

¢ ~4-5% effect on the theory single jet.
cross section; effect is
smaller with the use of p;
rather than E;

+ really upsets the theorists
(but there are also
disadvantages)

® Dark tower effect is also on order
of few (<5)% effect on the
(experimental) cross section



levels
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Delta R between two Partons

Simple parton level results not duplicated
at either hadron level or detector level.
Showers produced by widely separated
partons tend to be reconstructed as
separate jets. Same cause as dark towers.

Jet cores have a finite size, so this must depend
the jet parameters, i.e. as R.,.~->inf, we should
recover the simple parton level behavior.

W + 2 partons at LHC: parton/hadron/detector

(Brian Martin)
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Abstract

In this paper. we will develop the perturbative framework for the calculation of hard-scattering
processes. We will undertake to provide both a reasonably rigorous development of the
formalism of hard-scattering of quarks and gluons as well as an intuitive understanding of the
physics behind the scattering. We will emphasize the role of logarithmic corrections as well as
power counting in &g in order to understand the behaviour of hard-scattering 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 impact of soft processes on the measurements
of hard-scattering processes. Experiences that have been gained at the Fermilab Tevatron will
be recounted and. where appropriate. extrapolated to the LHC.
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Abstract

In this article, we review some of the complexities of jet algorithms and of the resultant comparisons of
data to theory. We review the extensive experience with jet measurements at the Tevatron, the extrapolation
of this acquired wisdom to the LHC and the differences between the Tevatron and LHC environments.
We also describe a framework (SpartyJet) for the convenient comparison of results using different jet
algorithms.
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