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How lucky you are!

® ...to be at Fermilab for this
summer school

® Other students had to go to
Rodos for the CTEQ summer
school

® ...with all of those distractions

view from SS
. 4-star hotel
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What to expect at the LHC

..according to a theorist
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What to expect at the LHC

...according to a theorist ® According to a current

Secretary of Defense
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What to expect at the LHC

..according to a theorist ® According to a current
Secretary of Defense
3’1..;4-""5 LS
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THoUGRT

— signatures of
W/Z/y/leptons/JetS/E

¢ known unknowns

A SM at the LHC

— same as above but in
a new kinematic
environment, with
perhaps a few
surprises

+ o unknown unknowns
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LHC bandwagon

® A lot of useful experience with the REVIEW ARTICLE
Standard MOdeI Ca_n be ca rrled Hard Interactions of Quarks and Gluons: a Primer
forward from Fermilab and HERA and for LHC Physics
workshops have taken place to LM Camphatl
. epartment yaics and Astronomy
summarize that knowledge University of Glasgow
. Glasgow G12 800
+ HERA-LHC published United Kingedom
¢+ TeVA4LHC near completion 3. W. Huston
. . . . Department of Physics and Astronomy
+ I'm finished with a review article for Michigan State Universiy
ROP with John Campbell and James usa
Stirling titled “Hard interactions of -
quarks and gluonS a pr|mer for LHC Institute for Particle Physics Phenomenology
. 3 University of Durham
physics Durham DH1 3LE

United Kingdom

o Mmuch of what | will show here is

from that article I'm trying to i i € ety 4 3t 0 L
. « ” rensonl rigarous development of the formalism sesttoring of quarks &
include as many “rules-of-thumb Gzl o ke g e s i e g Vo
. . | 1xe i ithmoe correstioms a3 well sy powsr coun n &g m
for LHC physics as possible, i = ndamoed he e of b g oo, ool il
including the importance of large e e
|Ogarith miC Corrections will b= recountsd and, where appropriste, extrapolated to the LHC.

...and to dispel some myths

www.pa.msu.edu/~huston/semin
ars/Main.pdf

soft and/or collinear logs

do = oo(W+1jet) [1+ ae(L + L+ 1)+ o2(L* + L+ L+ L+ 1) + .. |



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

+ detector and reconstruction algorithms
operating properly
+ SM physics understood properly

+ SM backgrounds to BSM physics
correctly taken into account

ATLAS and CMS will have a
program to measure production
of SM processes: inclusive jets,
W/Z + jets, heavy flavor during
first year

+ so we need/have a program now of
Monte Carlo production and studies to
make sure that we understand what
issues are important

+ and of tool and algorithm development
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Cross sections at the LHC

® Experience at the Tevatron is LHC parton kinematics
very useful, but scattering at 10° g
the LHC is not necessarily X, = (M/14 TeV) exp(y) ]
just “rescaled” scattering at g a=M M0
the Tevatron oL
® Small typical momentum :
fractions x in many key 10° M=1Tev
searches i
. —~ 10 F E
+ dominance of gluon and E-
sea quark scattering S ol Mowocew
«+ large phase space for o F
gluon emission 10" £
+ intensive QCD e A1
backgrounds F M=10Gev f
+ or to summarize,...lots of O BEK] .29
Standard Model to wade i B :
through to find the BSM N 0 0 100 100 10t o 1

pony x



Now finally to jets

® One of the most

useful and ubiquitous

signatures, for both What are Jets ?

SM and BSM e

physics, at either the /Q ;

Tevatron or the LHC 5 Y

is a jet PO | [ e
® One can either P o rea R i

measure inclusive jet A e

production or jets In
combination with
other objects, W/Z/...



Inclusive jet production

® Consider inclusive jet production
at the Tevatron; it probes the
most violent collisions currently
achievable

+ smallest distance scales
(10-17 m)

+ some of greatest sensitivity to
new physics (quark
compositeness)

® New version of Rutherford
scattering

+ production of jets at high
transverse momentum
indicates that there must be
point-like constituents within
protons, i.e. quarks

+ If we observe a deviation
from the expected jet cross
sections at the highest jet
p's, this may be an indication
of something inside the
quarks

Scale in m: 4 5 Scalein 10 ®m:

10°m 27 f@) 5 100,000,000
-14 =

10" m wmt& 10,000

10"m  proton @) 1,000

' electron
<]

-108m  quark U
@




2->2 hard scattering

® So one parton carrying a momentum fraction x, collides with another
parton carrying a momentum fraction x

«distribution of parton momenta given by parton distribution functions f(x,Q3)
® The collision is given by the red blob; that's where most of the hard QCD

comes in __—* wayeasy to calculate

to leading order -
* 9 O G been there, done that, for over
10 years now

+ to nexi-to-leading order, o a o3
+ to nexi-to-next-to-leading order,
o o olt...you get the idea

best estimate i1s 2 years away
now

p

(uud)




2->2 hard scattering

® c and d are the outgoing partons, but problem: they carry color; we
don’t observe the quarks or gluons themselves (don’t see naked
color) but instead the partons fragment into jets of hadrons (pions,
kaons, and protons)

® it's the jets of hadrons that we can observe experimentally; D(z,Q?)
describes how the partons fragment into hadrons ‘/(

Note the
fraction of hardness of
momentum carried the collision
by hadron gets involved

again




Jet fragmentation

® The parton that gives rise to

. . . 5,15 _
the jet fragments into a fairly 1 s . 3
large number of particles 5& os | P -
_(increasing as the jet E; 2 . Py of particles in Jets
increases) -\ OPAL 5
+ say 20 particles for a jet with i S B R 100 GeV Jetl
ET of 100 GeV 0w - | 25 HERWIG
) . § k, definition: E 3 SETPRT (FF)
® Most of the jet particles havea ¢ Y002 3 B o)
small fraction (z) of the total t . L 7o
jet momentum £ F 3w}
+ and the gluon fragmentation T T . 5| F
is softer than the quark g F I L PR ——
fragmentation -k et 4 ] " " Particle Pt
; 2 T erwig 5 oV Jets are primarily (90%) particles
® Ve can't calculate the 107 b — - Arisdne 406 190, GeV Jets are primarily (90%) particles
fragmentation functions - ]
perturbatIVEIy’ haVEto 10_3 _|||||||||||||||||||||||||||||||||||||||‘|.‘|.||||||||_
measure them 0. 01 02 03 04 05 06 07 08 09 1L
+ mosly at LEP e
+ We can calculate how they Note that the fragmentation for gluon
change with Q, though jets is much softer than for quark jets;

thus it is more unlikely for a gluon jet
to fragment into a high z particle



Jets (at LO) and the kinematics of jets

® 2->2 hard scattering .
® 1 (outgoing) parton = 1 /

T 2]
jet P S P
(uud) || (aud)

We use the following definitions for Run Il jet quantities. For a jet 4-vector (E, p., py, p2):

p = \/P:%‘l‘i“i"‘i"g 0 = cos ! (p./p) (0<0<m)

pr = \/p:+p] ¢ tan™t (py/p) (0 < ¢ < 2m)

1 [E+pz}
y=—In

i 2 E — )2
which lead to E, = Ecosésing
E, = FEsingsing olotr |
E., = FEcos# et has no size

, (except for
. —_ 12 2 1
Er = 1;E$-|—Ey = Fsind ~1 fermi)

By definition, = \/E§ + B2+ B2,

In general, £ #= pr, and they should not be used interchangeably. although when the jet is 1 OUthing
The use of pr is preferred! massless parton, ET=pT



Jets (at higher orders)

® As you've seen in Torbjorn’s
lectures, there is a parton
shower that results from a
hard collision so that one
parton becomes many partons
(and eventually hadrons) and
the jet acquires a lateral size

+ orin the words of the
previous transparency, the
fragmentation function
D(z,Q?) is built up

outgoing parton

lard scatter

® Many of the important ] e
properties of the jet such as wb AT
the lateral shape/mass don’t b
require the full parton shower wEit e
but can be well-described by 05F 0 erv<E < 105 GEY
one (hard) gluon emission 044
(N LO) El.a;— *ImnutT, Snwrr:l:lssn,wl

B 925 03 07 1
i



What is a jet?

Jets are the experimental signatures
of quarks and gluons Jet
Jets manifest themselves as localized ik
clusters of energy
It is the role of the jet algorithm to
identify and measure the properties of
ajet
A jet algorithm can either measure

¢ closeness in momentum space:

k. algorithm
A most often used at LEP and
HERA

¢ closeness in coordinate space:
cone algorithm

Ao Mmost often used at the
Tevatron

+ atthe LHC, hopefully both will be
equally used

Can apply these jet algorithms to . ]
calorimeter towers or particles or kT Jﬁ‘:t CD]]E Jﬁt

partons...and would like to get a -a cone jet on a
similar answers, as much as possible .
bad hair day

hadrons
—




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 % 0GR
ambiguity and the jet R T
algorithm must make
decisions that impact
precision measurements Raw Jet P, [GeVi]

® |f comparison is to hadron- e Bt
level Monte Carlo, then hope
is that the Monte Carlo will
reproduce all of the physics
present in the data and
influence of jet algorithms can
be understood

+ more difficulty when
comparing to parton level
calculations

- K- D=07

Only towers with E; > 0.5 GeV are shown



® From theoretical point-of-view

*

infrared safety: insensitive to soft
gluon radiation

collinear safety: insensitive to
collinear splitting of gluon
radiation

boost invariance: algorithm
should find the same jets
independent of any boosts along
the beam axis

boundary stability: the kinematics
that define the jet should be
insensitive to the details of the
final state

order independence: the
algorithm should give similar
results at the particle, parton and
detector levels

straightforward implementation:
the algorithm should be
straightforward to implement in
perturbative calculations

Desired features of jet algorithms

® From experimental point-of-view

*

detector independence: there should
be little or no dependence on detector
segmentation, energy response or
resolution

minimization of resolution
smearing:The algorithm should not
amplify the inevitable effects of
resolution smearing and angle biases
stability with luminosity: jet finding
should not be strongly affected by
multiple interactions at high
luminosities

resource efficiency: the jet algorithm
should identify jets using a minimum
of computer time

reconstruction efficiency: the jet
algorithm should identify all jets
associated with partons

ease of calibration: the algorithm
should not present obstacles to the
reliable calibration of the jet

fully specified: all of the details of the
algorithm must be fully specified
including specifications for clustering,
energy and angles, and
splitting/merging



Midpoint cone algorithm

® Generate p; ordered list of towers (or
particles/partons)

® Find proto-jets around seed towers
(typically 1 GeV) with py>threshold >
(typically 100 MeV) v

¢ include tower k in cone if |

M, @) Mg i.Pl

1=
praota-jet el
empty”?

N Select highest
pp profo-jet

kC Cff u,r.ff[y;, —yg]2+(¢h—¢c]
Ea::-l—p.-.e - _, —-ibke

_}
pe=(Ee,Pe)= ) (EwPk), o= . G = tan
HZZ':% EG —Pac Pazg Al this |nrmn-j|-q__ N 13"‘:"'* ThTEI'P

to jet list

R,
In

L'-:III—I- IJ"x

o iterate if (ycic) 7 (Yo.0c)

+ NB: use of seeds creates IR- S
sensitivity |
® Generate midpoint list from proto-jets f
+ using midpoints as seed positions e 5
. split proto-jets
reduceS IR'SenS|t|V|ty .-"nIHiJ.'.ll shared cells N
. . . . only to nearest jers =
® Find proto-jets around midpoints Reczculate Jos
Tl Sle
® (o to splitting/merging stage - ¥
+ real jets have spatial extent and can .
overlap; have to decide whether to CDF uses f=75% Add neighbor's cells
merge the jets or to split them DO uses =50% t;ghmiﬁ 'I-u:"f jet
. . - Aroe neig e
® Calculate kinematics (pt,y,0) from Recalculate this jet

moto Start

final stable cones



k. algorithm

The k- jet algorithm successively
merges pairs of partons, particles
or calorimeter towers in order of
increasing relative transverse
momentum

The algorithm typically contains a
parameter D that controls the
termination of the merging and
characterizes the approximate
size of the resulting jets

Since the k; algorithm
fundamentally merges nearby
particles,there is a
correspondence of jets
reconstructed in a calorimeter to
jets reconstructed from individual
hadrons, leptons, and photons

As the jet does not have a fixed
area, the underlying event
subtraction is more problematic

For each precluster, calculate
di=pp,

For each pair of preclusters,calculate

a’,:f- =min(p;;,pr;) P

Find the minimum of all the ¢/, and d”-

(¥ _)'_‘.'l:l (¢, 0;)2

Merge
iand j

preclusters

e left?

Merging scheme:
4-vector addition
(E-scheme)

Pr=Pri+DPr
Py = Pyi* Py,j
Pz =PzitPyj
E=E +E



Jet algorithms at NLO

Remember at LO, 1 parton = 1 jet

At NLO, there can be two 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 separated by a
distance d (=AR)

Then in regions | and Il (on the
left), the two partons will be within

R.one Of the jet centroid and so 05

will be contained in the same jet

¢ ~10% of the jet cross section
is in Region Il; this will
decrease as the jet p;

0.6

0.4 _

0.2_

R=

0.7

increases (and o, decreases) 0 o5 1k %

+ at NLO the k; algorithm
corresponds to Region | (for singlo jt.
D=R); thus at parton level,
the cone algorithm is always
larger than the k; algorithm

d

1.0

N\

Z=p1y/Pr

0.8_|

0.6 _|

0.4 _|

0.2

R=0.
R_=1
sep

7
3

O.I4 I‘J.IS 1 |2 1.|6

d

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




Jets at NLO continued

® Construct what is called a 10 10

Snowmass potential ood | " Y I I
shown in Figure 50, where the towers unclustered into any jet are shaded black. A simple
way of understanding these dark towers begins by defining a “Snowmass potential” in 06
terms of the 2-dimensional vector 7 = (y, ¢) via 204
1 : : 7
V (?) = __ZpT.J' (Rgone - (?J) - ?))2) e (Rfone - (?J) - ?)2) . (‘39)
2% 02 R=07
The flow is then driven by the “force” F (7) = vV (7) which is thus given by, R=07 Rep™ 13
F(7) = > pr; (7, - T)O (R, — (7 = 7)) o4 08 12 15 04 08 12 16
/ d d
4
= =T prs 40
( " C(?) " ) jC%%r) bri (40) igure 22. The parameter space (d,Z) for which two partons will be merged into a
_ R — ) ) . ngle jet.
where 7 o) = (yc(?), q"c’(?)) and the sum runs over j < C(7) such that
\/(yj — -y)2 + (o — q'))z < Roone- As desired, this force pushes the cone to the stable 4, 20
cone position. a b :E(Cr(lr,lhﬁ:ng;?
o=0 ] 0o
_ . os 15 d=1.0
® The minima of the potential -~ 2-08)
. . . ngm ' |,'
function indicates the positions of -
. z 10 : / q-01
the stable cone solutions y N /
. . . ' fi
+ the derivative of the potential N
function is the force that
shows the direction of flow of . N
005 04 08 12 18 ] 0 1

the iterated cone ¢ ,
. The m |d p0| nt SOl utlon Conta | nS Figure 51. A schematic depiction of a specific parton configuration and the results

of applyving the midpoint cone jet clustering algorithm. The potential discussed in the

both pa rtons text and the resulting energy in the jet are plotted.



Jet at all orders (real life)

A high energy hard collision
produces outgoing partons

These are highly virtual and can
emit further gluons (parton
showers)

Once the shower reaches a low
scale, color is neutralized and the
final state particles are produced

+ first resonances such as
ALAD...

+ eventuallyr,K,p,y,...
These particles deposit energy in
the calorimeters and it’s based on

this energy (in most cases) that
the jet reconstruction is based

—-'?gpartlch: :

™

P q I-'I~|='I.'|-'I_r'.§.

et



Jets In real life

® Thus, jets don’t consist of 1 fermi w] e EE
partons but have a spatial TR
distribution

® Can approximate this as a
Gaussian smearing of the parton
energy

+ The effective sigma ranges e e

between around 0.1 and 0.3 _ o _ -

. Figure 52. A schematic depiction of the effects of smearing on the midpoint cone jet
depending on the parton type clusterine alenrithm

& V()

(quark or gluon) and on the B A B
parton py o o
® Note that because of the effects A et
of smearing that S T
. the ml d pOInt SO|Ut|0n | S Siguer; “The parameter space (d,2) for which two partons will be merged into a

(almost always) lost
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
Figure 50. An example of a Monte Carlo inclusive jet event where the midpoint

A 'eSu |t| ng In dark tOWG rs algorithm has left substantial energy unclustered.



Jets in real life

® In NLO theory, canmimic . [ /7 1 .. [] .
the impact of the
truncation of Region |l N N
can including a e S
parameter called R, R A
Figure 22. The parameter space (d,Z) for which two partons will be merged into a
+ only merge two partons if
E)hfeeyai[]e O\Q/I,I]tr! : Rsep Rcone | Pythia 400 GeV/e, Hadron-level I
a R,~1.3
+ ~5% effect on the theory 10 e e e

- — SearchCong R2{=50GeV: 0.0%:)

Cross section

+ really upsets the theorists
(but there are also

10

disadvantages)
® Dark tower effect is also B,
~5(y0 effeCt On the Unclustered Pt (GeV/ic)

(experimental) cross
section



Jets In real life

® Search cone solution

*

*

use smaller initial search
cone (R/2) so that influence
of far-away energy not
important

solution corresponding to
smaller parton survives (but
not midpoint solution)

but some undesireable IR
sensitivity effects (~1%)

® Another possibility

*

run standard midpoint
algorithm

remove all towers located in
jets

run 2nd pass of midpoint
algorithm, cluster into jets

either merge in (d,z) plane or

use effective value of Ry,

recommended solution?; see
TeV4LHC writeup

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

0.0 T

—

<01

in)

024

T T T T T
10 05 00 05 1.0 15

Figure 20. A schematic depiction of the effects of smearing on the midpoint cone jet
clustering algorithm and the result of using a smaller initial search cone.



Another complication in real life: the underlying event

Most proton-(anti)proton collisions are
boring, with a peripheral or glancing “Minumum Bias” Collisions
collision producing a handful of particles

with low transverse momentum in the final Proton
state

¢ so-called minimum bias events

More interesting are the collisions where
there is a hard interaction of a parton from

AntiProton

one proton with a parton from the other, for
example producing two jets
Of course, this hard collision takes place on Beam f A / —» _ Beam
. . ‘S
top of the interactions of the other partons Remnants @ — » Remnants
in the two hadrons
This may include the soft beam remnants
as well as semi-hard multiple parton
interactions Jet

+ which become more important the
higher the center-of-mass energy

The underlying event and pile-up from
extra minimum bias events need to be
taken into account in most analyses in
order to understand the hard scattering

Multiple Parton Interactions /outgoing Parton

Proton AntiProton

Underlying Event Upderlying Event

Outgoing Parton




Underlying event at the Tevatron

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 good description of the data and the
appropriate level of underlying event
can then be subtracted

Calorimeter
Jet #1 Direction

g
=)

"Transverse" PTsum Density (Ge\'c)
b
o

e
o

ot
n
1

™
n
1

-
(=]
1
T

e
]
1

‘"TransMAXfMIN“ Charged PTsum Density: dPT/dnd¢

CDF Run 2 Preliminary  "Leading Jat"

1] 50 100 150 200 250
PT(et#) (GeVic)

300 350




Example: inclusive jet cross section in CDF using
midpoint cone algorithm

® Collect data from 4
trigger thresholds,
Jet20,Jetd0,Jet70,
Jet100

+ only last is not prescaled

® Piece together (require
trigger efficiency to be
>0.99) to form inclusive
jet cross section from
~60 GeV/c to >600
GeV/c

dz N Jets

o

dYdPr APpAY [L

CDF Run Il Preliminary

dY dp, [nb/(GeVic)]

N T—
o -
29%2%22.5

d%/
]

0 100 200 300 400 500 600
p$?! (GeV/e)



Corrections: multiple interactions

Multiple Interactions (Data Based Correction).

tll | I ||||| I | I ||||||f

B_— e

- UE{100) = 0.94 GeV - 1
¢ TE usmifon)= 033 GeV T
E E; LJEi150) = 0.85 GeY $ :
O P uemirso)= 096 gev g
IE 5: LE{50) = 102 GeV - ]
T °C -
= b UM 0sser ]
£ uf ]
ﬁl_ X LY a7 ]

3E / A
'E- C A 150 ]

N = Fil It thresshold 150 Mel ]
W 2= 0100 =
R - — Fil o lower theshold 100 Mey

e 050 E

5 - -Fil fo forer threshokd S0 MeY

-u e T FPTT] AP TVPTE PRATT ETRL AT PR BTN Y.

0 1 2 3 4 5 6 T 8 4@

NQ12Zv

¥ In minimum bias sample, sum
the transverse momentum in a
random cone (R=0.7) in the ra-
pidity region corresponding to the
analysis. (cone size == jet cone
size)

* We plot the average momentum
in the random cone as a function
of vertices in the event.

— vertices o luminosity and characterise the number of interactions

per crossing.

* Correction to each jet:

Pr=Pr— ((NQ12Zv — 1) x 0.93)



® Need to correct from calorimeter to

Jet Corrections

hadron level (different response of
calorimeter to EM and HAD energy)

+ and for resolution effects

® And from hadron to parton level for
other observables (such as

Arb. Units

comparisons to parton level cross

sections)

+ underlying event and out-of-cone
A can correct data to parton level

or theory to hadron level...or
both and be specific about what

the corrections are

o note that loss due to

hadronization is basically
constant at 1 GeV/c for all jet p;
values at the Tevatron (for a cone

of radius 0.7)

a for a cone radius of 0.4, the two
effects cancel to within a few

percent

¢ interesting to check over the jet

range at the LHC

\partons in cone give rise

PHad=38 GeV
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3
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Aside: jet shape

® \Why is there a roughly constant
amount of energy (1 GeV/c)
deposited outside the jet cone
due to the non-perturbative
hadronization process,
independent of jet p?

® As the transverse momentum of
the jet increases, the jet becomes
more collimated, leaving a
roughly constant amount of

energy near the perimeter of the CDF Il Preliminary
jet g ' Midpoint Algorithm (R=0.7)
o it's the partons near the e @ DATA
perimeter that give rise to the oo f_'_’f*gl’::n“_“j:’*
resonances (A,’s,p’s,..) that —oxs[ . ~e quork=jet
kick pions out of the cone oaf Wi OESIVEIS 0.7

+ part of the collimation is due osf
to the increased boost; part to 3
the larger percentage of
quark jets
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CDF Run 2 results

. CDF Run II reSUIt |n gOOd agreement ’OS 3f Data corrected to the parton level
. T . @ B o
with NLO predictions using CTEQG.1 £ [ NLOPQCDEKSCTEQSIM (u=P2)
df S 25  Midpoint (R =0.7.1 . =075 R_=1.3)
pars E I oi«vor L=1.04 o
* enhanced g|U0n at hlgh X _g :_ ——— PDF uncertainty on pQCD
. . . g 2 MRST 2004 / CTEQ 6.1M
® ...and with results using k; algorithm s | = S by -
= - D Systematic uncertainty including Y
+ the agreement would appear even S 1.5 hadronization and UE
. . w [
better if the same scale were used in o [
@ [
the theory (k; uses p;m2/2) 5 1t
® need to have the capability of using o[ oDF Run 1 Pretiminary
1 1 1 - 7\ Ll ‘ | ‘ | ‘ | ‘ Ll | | | Ll
different algorithms in analyses as T T T T T T T T
cross-checks PY(GeVic)
3 CDF Run II Preliminary
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e L T
5 102 w 25} Systematic uncertainties
g% 10 Midpoint (R =0.7.f =075, R__ =13) 5 | - - - PDF uncertainties
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Systematic uncertainties

*Jet Energy Scale: Uncertainty on Jet energy: < 3%.

*Unfolding: Herwig vs Pythia, different fragmentation/spectrum
models

*Pile-up: 30% covers luminosity dependence, changes in
tower threshold and measurement made in other samples
(not significant when pile-up is small)

*Resolution: 8%: deviation in jet resolution between Data
and Pythia (measured using bisector method).

*Luminosity: 6% uncertainty has no shape— normalisation
(not included in systematic band in final plots)

*Hadron to Parton: Use difference between Pythia and Her-
wig hadron to parton corrections, this comes almost exclu-
sively from the underlying event component ~ 10% only
effects low pp region.

Percent change on cross section

100 200 300 400 S00 600 700
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100 200 300 400 S00 600 700
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Ensrgy Resolution
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f————-____________
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100 200 300 400 S00 600 700
P, (GeV/c)

\

100 200 300 400 S00 600 700
P, (GaV/c)

100 200 300 400 500 800 7L
P, (GeV/c)




DO Run 2 results

® Preliminary DO results
qualitatively similar to CDF

data / theory

*

more detailed

comparisons can be made

later when results are
finalized
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nb/GeV

Historical interlude

An excess at high E; was observed by CDF in Run 1 when comparing

to NLO predictions using the topical pdf’s

Inclusive Jet cross section

07 CDF Preliminary
T L ] 1M
) 199293
' NLO QCD prediction (EKS)
n cleqdm u=Ej2 R =13
L[] 4
LL] .
L[] 2
n Statistical Errors Only
L1 %

L] i L] E ] e E ol 0] L]
Transverse Enargy (GaV)

(DATA-THEORYYTHEORY

[ CHF Preliminary

- Run 1B (87 pb"') T Ruthel’fOI'd

wilh run 1A resulis overlayed

NLO QUD CTEQ3M seale Et/2 Scattering all
over again




New physics or just old?

Modify the gluon distribution at high x

Quark/Gluon Contributions to Cross Sction BT i Akt Rl Al it | Rl ko | Rl ook bk

=]
(_"1
g 08 |
Leading Order QCD (MRS0) ~ |
1,=1,=0 i 0.6 | ® COF Inclusive Jot Data
i ¥ + c H
GG Gluon-Gluon Scattering 9 sul >
QOQ Quark-Quark scattering o |
QG Quark-Gluon scattering = ! v a3
e Ya |
qr ®
{ | ..
GG ERY e
& !
o =02
L"
| =
{
E =0.4
= CTEQ4AM PDFs
? —-0.6 CTEQ4HJ PDFs
-
© -08
[
Vs _ _
T T g e T "'m;" "1 07750 100 150 200 250 300 350 400 450 500
Transverse Encrgy of the Jei Jot Et {GE‘V)

Which is now the accepted explanation
...and has effectively been incorporated into modern pdf’s such as CTEQ6.1



More CDF Run 2 cone results

® Precise results over a wide P
rapidity range Bl

+ new physics will be central; a o %124: e M RO 0TS
pdf explanation is universal I Jieronn
over rapidity 100 o, e e et

+ in Run 1, it was the DO W e T e
measurement of the jet cross Y
section over a wide rapidity o | yeewariws COF Ronl Prliminary
range that led to the 000 200 500 w0 00 P%EQ(G;‘;;’G)
understanding of the high x .
g luon .. CDF Run I1 f’reliminary J L=1.04 b

1Yl<0.1 0.1<lYI<0.7

® (Good agreement with
CTEQG.1 predictions using . — &E
CDF midpoint algorithm £ pm

Data / Theory
(&)
o

-
n
|

0.7<lYl<1.1

1.1<lYI<1.6

® PDF uncertainties are on the
same order or less than
systematic errors

® Should reduce uncertainties
for next round of CTEQ fits Bt ran v
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Ratio to CTEQB.1M

Ratio to CTEQ6.1M

Ratio to CTEQG.1M

Forward jets with the k; algorithm

Note that for D=R,
k jet cross section
is no longer < cone
jet cross section

ly"*"1<0.1 0.1<ly’*"1<0.7

k; algorithm
tends to reach out
and grab hadrons

+ that “splash-out”
—ﬁm = e 1
1 B s with cone
3 R e algorithm
CDF Run Il Preliminary

K; D=0.7

—=—— Data (L=098f0")
Systematic uncertainties

_______ PDF uncertainties

_______ M:Expﬂzmaxp}'ET

------------- MRST2004

P
IIII|IIII

Need to go lower in p; for comparisons of the two algorithms, apply k; to
other analyses



New k; algorithm

® Kk, algorithms are typically slow

because speed goes as O(N3),
where N is the number of inputs
(towers, particles,...)

Cacciari and Salam (hep-
ph/0512210) have shown that
complexity can be reduced and
speed increased to O(N) by using
information relating to geometric
nearest neighbors

¢ i.e. towers, particles that are
nearby in momentum space
also tend to be nearby in
coordinate space

+ should be useful for LHC
Optimum is if analyses at LHC

(and Tevatron) use both cone
and k; algorithms for jet-finding

t(s)

| KtJet

OJF

MidPoint

T
JetClu
(almost IR unsafe)

FastJet

4| LHC (single  LHC (c. 20 LHC ]
10 - Tevatron interaction) interactions) Heavy lon
10° 10° 104 10°

N

Try reconstructing Mz from Z — 2 jets, with subtraction of UE/MB

1/N dN/dmass

kt, no UE

+ UE
+ high-lumi (100 1b'1fyr)
— correction

0 A el

0 50 250

100 150
reconstructed Z mass [GeV]

200

Some loss in resolution, but good value for the Z mass



W + jets at the Tevatron

® Interesting for tests of perturbative
QCD formalisms

o matrix element calculations
+ parton showers
e ...0or both

® Backgrounds to tT production and
other potential new physics

® Define W->ev

+ high p; track, large EM shower
deposition, E/p near 1, lateral
shower profile consistent with
electron, electron candidate is
relatively isolated, plus subtantial
missing transverse energy

+ define jet using a cone algorithm
with a radius of 0.4

A Use smaller cone size for events
that may be complicated

— - | i



W + jets at the Tevatron

Interesting for tests of
perturbative QCD formalisms

+ matrix element calculations
¢ parton showers
e ...0r both

Backgrounds to tT production and
other potential new physics

Observe up to 7 jets at the
Tevatron

Results from Tevatron to the
right are in a form that can be
easily compared to theoretical
predictions, corrected to
hadron level

+ see www-cdf.fnal.gov QCD
webpages

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

note emission
of each jet
suppressed by

~factor of o

parton shower
can produce 1
or 2 extra jets
but not more
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® CKKW procedure combines best of
exact (LO) matrix element and parton
shower description of multijet events

® Currently implemented in Sherpa
Monte Carlo and approximately
implemented in ALPGEN (mim

procedure)

® ME-PS matching scheme: vetos
events at the PS stage that infringe

on the phase space already covered

by ME

® \W+n parton samples can then be
combined without double counting

See Tjorborn’s lectures for more detail

CKKW

Figure 15. In the NLO formalism, the same scale, proportional te the hardnass of the
process, is used for each QUD vertex. For the case of the W4 2 jet diagram shown above
to the left. a scale related to the mass of the W boson, or to the average transverse
momentum of the produced jets, is typically used. The figure to the right shows the
results of a simulation using the CKKW farmalism. Branchings occur at the vertices with
reselution parameters d;, where d; = dy = dy > dj > dy > dy Branchings at the wertices
1-3 are produced with matrx alament mformation whila the branchings at vertices 4-6 are
produced by the partan shoawer,

0K, >d,

2 parton
ME

Parton >

Showering

DK, >d,

K <d,




W + jets at the Tevatron

N jet multiplicity: compared on the left to a combined matrix element + parton shower
description using the CKKW formalism for matching, and on the right to the CKKW

and NLO predictions
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Pop quiz

® \Vhat's the difference between

the diagrams on the top and “ “
bottom? W W

Figure 1. Lowest order diagrams for the production of a W and one jet at hadron

colliders.

U mmsEnnm (Y VIVIVAY
) - i}

d ——hannnn i ——momooon

Figure 3. An alternative way of drawing the diagrams of Figure 1.



Pop quiz

® \What's the difference

between the diagrams on “ ”
the top and bottom? we W
® Possible answers: i VAN

a) the top is initial state
. . Figure 1. Lowest order diagrams for the production of a W and one jet at hadron
radiation, the bottom are colliders.
2->2 processes

 p— Y VAVAVAY d —— 0050000

Figure 3. An alternative way of drawing the diagrams of Figure 1.



Pop quiz

® \What's the difference
between the diagrams on
the top and bottom?

® Possible answers:

a)

b)

the top is initial state
radiation, the bottom are
2->2 processes

nothing, they both represent
the same physics

3 u
%W” >MAMW+
i a %35\
Figure 1. Lowest order diagrams for the production of a W and one jet at hadron
colliders.

 p— Y VAVAVAY d —— 0050000

Figure 3. An alternative way of drawing the diagrams of Figure 1.



Pop quiz

What’s the difference

between the diagrams on “ ”
the top and bottom? we W
Possible answers: i VAN

a) the top is initial state
. . Figure 1. Lowest order diagrams for the production of a W and one jet at hadron
radiation, the bottom are colliders.

2->2 processes
by nothing, they both represent

the same physics ’ SREREEE * AT
¢y qQuiz, no one said anything
about a quiz
d —~hpannnn i ——nooooon

Figure 3. An alternative way of drawing the diagrams of Figure 1.
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Pop quiz

What'’s the difference between
the diagrams on the top and

bottom? '
Possible answers: NI AAAAI
a)  the top is initial state : 2

radiation, the bottom are
Figure 1. Lowest order diagrams for the production of a W and one jet at hadron
2->2 processes colliders.

b) nhothing, they both
represent the same

0.40F

0.08F

p hys ics u 0000000 e VAYAYATAYAV.S
¢y quiz, no on said anything
about a quiz
g W i —pooomon
I I N R R D'm:""I""I"','L'\""I""I""
/fﬂ“\ E . 0.15:— r—3 -
,i______ﬁ\ 2 E / \ ] Figure 3. An alternative way of drawing the diagrams of Figure 1.
y - ; oaof- ,*’,,f W\ -~
P ' R \ — 0.05 E— ;'f:; \\‘\:'\ —E
R ATV T RN A TR W Myth: ISR is peaked in the forward direction.
) -4 2 4] 2 4 G 131 -4 -2 0 2 4 [+

o g = oy Not if you bin by p;.

Figure 2. The rapidity distribution of the additional parton found in the real radiation
corrections to Drell-Yan production of a W at the LHC. The parton is required to have
a pr larger than 2 GeV (left) or 50 GeV(right). Contributions from gg annihilation
(solid red line) and the gg process (dashed blue line) are shown separately.



(Thou shalt) Listen to the logs

® LookatW +>=1jetevents and
require the lead jet to have >200
GeV/c transverse energy

® \What is the average jet
multiplicity (>15 GeV/c) for these
events?

o 2.1

® |[t's not just o, anymore; there’s
now also a large log (E{°'/15
GeV/c) involved

¢ in CKKW formalism, most of
cross section for bin created by
W + 4 parton matrix element

+ or another way of saying it is that
there’s a Sudakov suppression
for any events that don'te
such additional hard gluons

| Lead JetEt>=1Jet
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107
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Number of Jets |

I Op Kt 10
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Looking forward to the LHC: underlying event

We can project the size of the
underlying event for the LHC

There'’s a great deal of
uncertainty regarding the level of
underlying event at 14 TeV, but
it's clear that the UE is larger at
the LHC than at the Tevatron

+ and will be harder (more mini-jets
from multiple parton scattering)

¢ thus, some jets will in the event
will come from the underlying
event and may be forced to use a
higher jet p; threshold in
analyses

Should be able to establish
reasonably well with the first
collisions in 2008
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Predictions for LHC

These are predictions for ATLAS based on the CTEQ6.1 central
pdf and the 40 error pdf's using the midpoint jet algorithm/eigenvector 15

A2
/] <y<

1000200073000 4000 1000 2000 3000 4000

do/dp.. [nb/GeV]

1000 2000 3000 4000

FIG. 31: The uncertainty range of the inclusive jet cross section at the LHC. The curves are
graphs of the ratios of the cross sections for the 40 eigenvector basis sets compared to the central

(CTEQG.1M) prediction {ordinate) versus pr in GeV (ordinate).

1000 2000 3000 4000 5000
pT [GeV]

Need to have jet measurements over full rapidity range and good
control over rapidity variations of jet systematics.



Predictions for LHC:K-factors

These are predictions for ATLAS based on the CTEQ6.1 central
pdf and the 40 error pdf's using the midpoint jet algorithm.

0.5

FIG. 31: The uncertainty range of the inclusive jet cross section at the LHC. The curves are

graphs of the ratios of the cross sections for the 40 eigenvector basis sets compared to the central

B Dey<l
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(CTEQG.1M) prediction {ordinate) versus pr in GeV (ordinate).

K-factor = NLO/LO
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Figure 93. The ratios of the NLO to LO jet cross section predictions for the LHC
using the CTEQ6.1 pdi’s for the three different rapidity regions (0-1 (squares), 1-2
(triangles), 2-3 (circles)).



Reach is ~
s 1.4 TeV/c for 100 pb-!

Statistical reach

a basically no constraints on pdf’s

o 2.4 TeV/cfor 10 fb!
s 2.8 TeV/c for 100 fb-!

For sensitive to compositeness scales

of~

¢ 4-5TeVic
¢ 10-13 TeV/c
¢ 13-16 TeV/c
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E 15 =
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=
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20 a0 &0 a0 100
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FIG. 236. Maximum compositeness scale AY probed in jet pro-
duction at y=0 in pp collisions as a function of V5 for in-
tegrated luminosities of 10%" and 10°° em 7 according to the eri-
terion (8.18). mo= —1 (solid lines), o=+ 1 (dashed lines).
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Example: Unexpected new SM physics

® [n a recent paper (hep-
ph/05031 52), Stefano Moretti Jet frfdfi?é"_té)'?lé 2.5)

and Douglas Ross have w T T e o
shown large 1-loop weak S b E
corrections to the inclusive jet . . :

cross section at the LHC
® Effect goes as o,,l09%(E{2/M_?) e e b

+ atthe LHC, this log can T =
get large _w0E 25% at 3 TeV/c -

do/dE; (nb/GeV)

H/
/
m 19baL)

2/

J-To) _:

+ no cancellation with real W C e
emission since W is : :
massive and phase space % 200 a0 4000
is restricted |

Confirmation is important ~ In Rumsfeldese, this i1s now one of the
Other (unsuspected) areas  “known unknowns”.

where weak Corrections are  wat are our unknown unknowns?
important?




Parton kinematics at the LHC

LHC parton kinematics

® To serve as a handy “look-up”
table, it's useful to define a
parton-parton luminosity .

® Equation 3 can be used to S e
estimate the production rate o T A
for a hard scattering at the o bucfoa

LHC

dLj; 1 1
t’

~ 3170, [filwy, p) fi(za, ) + (1 < 2)]. (1)

ds dy

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

O’—Z/ day dxo filzy, p) fi(xe, 1) 0 (2)

ds dLj, .
°T Z / (_H) (dﬁriy) (503) - (3)

can then be written as




—
s
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Cross section estimates

for the gluon pair production rate for s=1 TeV and As = 0.015,

1010 1 I |IIII|

dL/ds [pb]

10_3 1 1
0.01

0.05 0.10
Sqrt(s) [TeV]

0.50 1.00

5.00 10.00

10 |
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ij)  we have %fi ~ 10* pb and 3 049 = 20 leading to o ~ 200 pb

g9 — g9

g9 —4aq

for

q9 — qq

99 — 99,99 —qq’

99 — 99

pr=0.1*
sqrt(s-hat)

qq — gg

g9 — qq

8

10

S(TeV)

Fig. 2: Left: luminosity [%d%‘-’-} in pb integrated over 1. Green=gg, Blue=g(d + u +s+c+b) + gld+ i +5++b) +

1

(d+u+s+c+blg+(d+i+35+¢+b)g, Red=dd + uii + 5 + ¢& + bb + dd + @iu + 35 + &c + bb. Right: parton level

cross sections 4, ;| for various processes



Luminosities as a function of y
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Fig. 3: dLuminesity/dy at y = 1), 2, 4, 6. Green=gy, Blue=g(d + n + s + e+ b))+ g(d+ i+ 5+ 7+ B+ {d+nu+s+c+
Blg+ (d+@+ 347+ b)g, Red=dd + uii + 3 + o + bb + dd + fiu + 35 + Fe + bb.



LHC to Tevatron pdf luminosities

10000 £

® Processes that depend on qQ
initial states (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 i :
primarily gq) at the LHC T X

® Luckily tT has a gg initial state as e
well as qQ so total enhancement fraitralliyilaivle i doh b
at the LHC is a factor of 100 vt A

10l0 T T T

¢ butincreased W + jets
background means that a e
higher jet cut is necessary at
the LHC (30-40 GeV/c rather

than 15 GeV/c) o

1000 £

o
Q
=]

-
=1

dL/ds [LHC] / dL/dS [Tevatron]
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Figure 10. The parton-parton luminosity [%%;‘-‘-] in pb integrated over y. Green=gg,
Blue=g(d+u+s+c+b) +_Ll(5+_ﬁ+§+ E+E)+(d+i;l+s+c+ blg+ (d+u+s+e+b)g,
Red=dd + ut + s5 + ce + bb + dd + #u + 85 + ¢c + bb. The top family of curves are for
the LHC and the bottom for the Tevatron



Fractional uncertainty of dL/ds

2.0

gg luminosity uncertainties
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Fig. 4: Fractional uncertainty of ;5 luminosity integrated over ».

...more 1n extra slides at end of talk

Fractional uncertainty of dL/ds dy
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Fig. 5: Fractional uncertainty of gg luminosity at y = (.



Benchmark studies for LHC (from Les Houches 2005)

® (Goal: produce predictions/event samples corresponding to 1 and
10 fb-?

® Cross sections will serve as

+ benchmarks/guidebook for SM expectations in the early
running

A are systems performing nominally? are our calorimeters
calibrated?

A are we seeing signs of “unexpected” SM physics in our data?

A how many of the signs of new physics that we undoubtedly will
see do we really believe?

+ feedback for impact of ATLAS data on reducing uncertainty on
relevant pdf's and theoretical predictions

+ venue for understanding some of the subtleties of physics
iIssues

® Has gone (partially) into Les Houches proceedings; hope to
expand on it later

® Companion review article on hard scattering physics at the LHC
by John Campbell, James Stirling and myself



SM benchmarks for the LHC

See www.pa.msu.edu/~huston/
Les_Houches_2005/Les_Houches_SM.html
(includes CMS as well as ATLAS)

centre de physigue

® pdf luminosities and uncertainties
® expected cross sections for useful processes

+ inclusive jet production
A Simulated jet events at the LHC

a jet production at the Tevatron
— alink to a CDF thesis on inclusive jet production in Run 2
— CDF results from Run Il using the KT algorithm

photon/diphoton

Drell-Yan cross sections

W/Z/Drell Yan rapidity distributions

W/Z as luminosity benchmarks

W/Z+jets, especially the Zeppenfeld plots
top pairs

® & 6 ¢ o o



Summary

Now is the time to set up the SM
tools and measurement program we

need for the first few years of the LHC

running

+ jets will continue to be one of the
most important tools both at the
Tevatron and at the LHC

+ Where possible, analyses should
use both cone and k; algorithms

Theoretical program to develop a
broad range of tools for LHC

¢ up to us (experimentalists) to
make use of them/drive the
development of what we need

Program for SM benchmarks for LHC
underway

¢ www.pa.msu.edu/~huston/Les H
ouches _2005/Les_Houches SM.
html

Review paper available

¢ Www.pa.msu.edu/~huston/semin
ars/Main.pdf

® Once LHC turns on, everything is

going to move quickly

® The ATLAS and CMS detectors

are going to be “as is” and
constantly changing
+ “We take data not with the

detector we want, but with the
detector we have.”




Extras



Gluon radiation

® |n addition to the hard scatter, “Hard” Scattering
there can be additional
emissions from the initial
and/or final state partons

+ included in higher multiplicity
tree level/NLO calculations underlying event
and as well in parton shower
Monte Carlos

A these additional emissions
give rise to the jet shapes as
well as creating additional
jets

+ some information can also be
summarized in terms of
Sudakov form factors

A a ‘rule-of-thumb”

outgoing parton

underlying event

initial-state
radiation

final-state

outgoing parton radiation




Initial state Sudakov form factors

® The Sudakov form factor gives the
probability for a parton not to radiate, with a
given resolution scale, when evolving from
a large scale down to a small scale

« below Sudakov form factor for initial state
radiation is shown

t J dz Cl's
Alt) = exp l [ 2z 2T z flz.t)

® Probability of emission increases with color

charge (gluon vs quark), with larger max

scale, with decreasing scale for a

resolvable emission and with decreasing

parton x

+ NB: Sudakovs do not depend strongly on

initial state pdf’s; thus p; distribution of final
state should not depend on initial pdf’s (to
first order)

Stefan Gieseke hep-ph/0412342
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Sudakov form factors

® Curves from top to bottom correspond F —
to x values of 0.3,0.1, 0.03, 0.01, e
0.001, 0.0001 e
+ Sudakov form factors for g->qg § o
for x<0.03 are similar to form § o
factor for x=0.03 (and so are not 3 0
shown) T
® Sudakov form factors for g->gg oo 1 2 % Pg.u.mmfw

continue to drop with decreasing x
Figure 20. The Sudakov form factors for initial state quarks at a hard scale of

L 4 g'>gg Spllttlng fU nCtIOH P(Z) haS 100 GeV/c as a function of the transverse momentum of the emitted gluon. The form
Slngularltles both as Z_>O and as factors are for (top to bottom) parton z values of 0.3,0.1 and 0.03.
z->1 (as Peter said)

¢ Q->qg has only z->1 singularity _F
® [or example, probability for an initial g oo
state gluon of x=0.01 not to emit a § oo
gluon of >=20 GeV when starting from E—f
an initial scale of 500 GeV is ~70%,/';E/1
i.e. there is a 30% probability for such 2

an emission A R

PY"*"(GeV/c)

Figure 18. The Sudakov form factors for initial state gluons at a hard scale of
100 GeV/c as a function of the transverse momentum of the emitted gluon. The form
factors are for (top to bottom) parton x values of 0.3,0.1,0.03,0.01,0.001 and 0.0001.

Resolution scale -> ~p of gluon



® If | go to small x, or high scale
or a gluon initial state, then
probability of a ISR gluon
emission approaches unity

® The above sentence basically

Sudakov form factors

describes the LHC
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Figure 75. The jet multiplicity in {7 events with a lepton + jets final state at the

5

0

5

M P
20

25

nr. of jets

LHC. A cut of 10 GeV has been applied to the jets.

1 |
[ B e —
2 o8| - — %
8 - - —
-
E - —
06 =«
va§ : <zl
E B
s 04
° B
3
a B
0.2 —
D_' R T R H SR N
10 15 20 25 30
PY"(GeV/c)

Figure 21. The Sudakov form factors for initial state quarks at a hard scale of
500 GeV/c as a function of the transverse momentum of the emitted gluon. The form
factors are for (top to bottom) parton z values of 0.3,0.1 and 0.03.

1
=] C
© 0.8 R
- - “-
© 0 | A
2 _ _ |
-s _ " i | - ________-0
B 7 o -
- - o
- — _ﬂ_;_____.
- -
i ;/__,_,_,_,—'——_
0 B | I R S R R L | I
I
Pguﬂn( o

Figure 19. The Sudakov form factors for initial state gluons at a hard scale of
500 GeV/c as a function of the transverse momentum of the emitted gluon. The form
tactors are for (top to bottom) parton = values of 0.3,0.1,0.03,0.01,0.001 and 0.0001.



1.0

0.8

0.6

0.4

0.2

0.0

W + jets at LHC

® For high leading jet E;, W + 3 jet is
larger than W+ 2 jet
+ Sudakov suppression again

® Look at probability for 3rd jet to be
emitted as a function of the rapidity
separation of the tagging jets

+ relevant for VBF Higgs searches

® At LHC, ratio (p{*>15 GeV/c) much
higher than at Tevatron

W+3 jet
W4+>=2 jet
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The “maligned” experimenter’s 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 Maonte Carle Warkshop, April 20019

Single boson  Diboson Triboson Heavy flavour
W + = 55 WW + < 5 WWW + < 3j tt+ < 3j
WHbb+<3j WWHbb+<3j] WWWHbh+<3; H4++<2j
WaHmE+<3j WWreE+<3i WWWHp+<3] tH4+WH+<2j
Z + < hj ZZ + < 5j Zyy+ < 35 tt + & + < 23
Z4+Wh+<3 ZZ+b0+<3] WZZ+<3; H4+H+<25
Z+E+<3f ZZ+cT+<3i ZEZEZ+<3j th + < 2j
v+ < 5j v+ = 5 b+ < 3j
TH+bb+<3; gy +bb+<I;
YT+eT+<3] 4+ ef+<d

WZ+ < 5j

WZ +bb+ < 35

WZ+ el + < 34

W+ < 35

Zv+ <3




MC@NLO

® MC @ NLO combines
the best features of
parton shower Monte
Carlos and NLO
calculations

® The hard cross section is
calculated to NLO and
then passed on to
Herwig for additional
gluon radiation and
hadronization

® [nclusive jet production
will be included by this

fall >< L atNLO

:gr*r Jet

-
=

calorim

o
=

e @ parton jet¥ particle jer:
.
H H

‘|




NLO calculation priority list from Les Houches 2005:

theory benchmarks
|

® Note have to specify how 1. pp->WW jet
inclusive final state is 2. pp->H + 2 jets now complete
« what cuts will be made? 1. background to VBF
+ how important is b mass for production of Higgs
the observables? 3. pp->tTbB
® How uncertain is the final 1 background to tTH
state? 4. pp->iT +2jets

+ what does scale uncertainty
look like at tree level? 1. background to tTH

+ new processes coming in at > pp->WWhbB
NLO? 6. pp>VV+2jets
® Some information may be 1. background to WW->H-
available from current >WW
processes 7. pp->V +3jets
+ pp->tT | may tell us 1. beneral background to new
something about pp->tThB? physics
A j=g->bB 8. pp>VVYV
+ CKKW may tell us something 1. background to SUSY
about higher muiltiplicity final trilepton

states Are there any other cross sections that should

can we .develop rules—of—.thumb be on this list?
about size of HO corrections?



LO vs NLO pdf's for parton shower MC's

2 T T W T T T T T T T T T T T

For NLO calculations, use NLO pdf's (duh) & | = eae 10000 Gevees E
What about for parton shower Monte = | o oTEelE ]
Carlos? " o E
+ somewhat arbitrary assumptions (for E E
example fixing Drell-Yan normalization) -2 e E
have to be made in LO pdf fits P E 3
+ DIS data in global fits affect LO pdf’s in ways 0s B E
that may not directly transfer to LO hadron . . ]
collider predictions 8 F T 7
¢ LO pdf’s for the most part are outside the 04 g
NLO pdf error band 02 | =
+ LO matrix elements for many of the P Y BT B J
processes that we want to calculate are not 1o 167 1o 1o y
so different from NLO matrix elements 2
+ by adding parton showers, we are partway S f D ! !
towards NLO anyway o 15 i;_ V He(2i-1)—a(20y
+ any error is formally of NLO g . E = E
(my recommendation) use NLO pdf's S .
+ pdf's must be + definite in regions of & °F E
application (CTEQ is so by def'n) o | E
Note that this has implications for MC L ] E
tuning, i.e. Tune A uses CTEQ5L . - E
+ need tunes for NLO pdf’s —1a .
-15 f— .
B Ll |

4 1

. . .but at the end of the day this is still LO phyxsics;
There’s no substitute for honest-to-god NLO.

L)
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Impact on UE tunes

® 5L significantly steeper at low

x and Q2

® Rick Field has produced a

tune based on CTEQG.1

[ | HEPD4TA |
- Datchases

15

Qeal2= 10 Gaes 2
— gluon CTEQE.TM
—- gluon CTEQBLI

________ gluon CTEQBL




Rick’'s tune

\

PYTHIA 6.2 CTEQ6.1
Tune Q

N

UE Parameters

Para meter Tune QW

= C1L Q )

MSTP(81} 1
MSTP(82) 4
PARP(82) —
PARP(83) 03
PARP(S4) 04
PARP(83) "
PARP(86) 095
ISR Parameters | |- oY) 1.5 TeV
j —— 025
125
PARP(64) 02
PARP(67) 40
MSTPR{®1) 1
PARP(91) 11
PARP(92) 150

Intrensic KT

Tel4LHC - Fermilab
Octaber 20, 2005
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I used LHAPDF! See the
next talk by Craig Group!
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More...

® technical benchmarks

+ jet algorithm comparisons

A midpoint vs simple iterative cone vs kT
— top studies at the LHC

— an interesting data event at the Tevatron that examines different
algorithms

A Building Better Cone Jet Algorithms

— one of the key aspects for a jet algorithm is how well it can match to
perturbative calculations; here is a 2-D plot for example that shows
some results for the midpoint algorithm and the CDF Run 1 algorithm
(JetClu)

— here is a link to Fortran/C++ versions of the CDF jet code

+ fits to underlying event for 200 540, 630, 1800, 1960 GeV data
a interplay with ISR in Pythia 6.3
A establish lower/upper variations
A extrapolate to LHC

a effect on target analyses (central jet veto, lepton/photon isolation,
top mass?)




...plus more benchmarks that | have no time to discuss

+ variation of ISR/FSR a la CDF (study performed by Un-Ki

Yang)
— low ISR/high ISR
- FSR
A power showers versus wimpy showers a la Peter Skands

a number of additional jets expected due to ISR effects (see also
Sudakov form factors)

A impact on top analyses

a effect on benchmarks such as Drell-Yan and diphoton production

— goal is to produce a range for ISR predictions that can then be
compared at the LHC to Drell-Yan and to diphoton data

¢ Sudakov form factor compilation

A probability for emission of 10, 20, 30 GeV gluon in initial state for
hard scales of 100, 200, 500, 1000, 5000 GeV for quark and gluon
initial legs

A see for example, similar plots for quarks and gluons for the
Tevatron from Stefan Gieseke

+ predictions for W/Z/Higgs p; and rapidity at the LHC

A compare ResBos(-A), joint-resummation and Berger-Qiu for W
and Z




gg luminosity uncertainties

Fractional uncertainty of dL/ds dy
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gq luminosity uncertainties
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Fractional uncertainty of dL/ds dy

gq luminosity uncertainties
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gQ luminosity uncertainties
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Fig. 7: Fractional uncertainty for Luminosity integrated over y for dd + wit + 55 + o + bb + di + w + 35 + Fc + bb.
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