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The parton distribution functions give us a very simple model
for the cross section for hard-scattering events in proton-proton
collisions. Take a parton from each proton, and fold the

distributions with the cross sections computed in perturbative
QCD:

o(pp — ab+ X) =

do
[ deadss 3 sn@ntra@) [ deoso. o (fify = ab
f1,f2
(or, invariantly, integrate over ¢ — _15(1 — COS 9*) )

An important relation is: s = &1&2 s(pp) or s = x1x2 s(pp)



The simplest parton-parton cross sections are those for lepton
pair production from a quark and an antiquark.

Drell-Yan process: ,
B B dra® 1
045y = pTHT) = 5 — -39

At high energy, the weak interaction resonances are important.
Here are the resonant contributions:

2
204 0ty

o(ud — Z°) = 3.2
C'UJ

(5~ 1Q7152)? + (Qrs2)?18(s — m3)

7T2Oéw

a(ua—>W+): 3 5(5—m%v)




d%a/dMdy for |y|<1 [pb/{GeV/c?)]

P
o
[

P
o]
=

10—1

10—2

10—3

Drell-Yan differential cross—section

" B88/89 Run dileptons (ee+m¢. ﬁ"i Pb "), publ: PRD 49, 1994
© 92-95 Run dimuons (107.4 pb

NLL Z+DY {|Y|<1) MRS (A) —
(y* and Z)
CTEQ 3L, LO+k_factor Z+DY — —

NLL Z+DY {|[Y|<1) MRS (4)  -----
(7* Only)

100 200 300 400
Invariant Dimuon Mass [GeV/c?]

CDF



do/dY [pb]

80

60

40

20

pp - (Z,y")+X

NNLO AlekhinO2

— NNLO MRSTOL

Vs = 1.8 TeV

M/2 = us2M

o CDF data (3.9% lumi. error omitted) & .

- 66 < M < 116 GeV

0.5

1.0

1.5 2.0 2.5

Y
Anastasiou, Dixon, Melnikov, Petriello



800

700

00

200

400

300

200

100

dﬂn

220".”.’..| ...... dd R RERE I

: l " pl ty : : E |. T T 1T
200 -—-W-FapIdI"?- ........... [ECCETE _: 0.6k =i . ..... \NnCh?rgeA$m.me"y ........... l."‘g
: —E+ e rapidit : 3 F : .

180 ~ ---------- Ea'---enra.g,mtg----ﬁ; ----------- -------- - [ —— Lapton ChargeAsymmegw 50. ]
: : : : 3 (L) i A F . & ]

: S

e T RN SO A —— S FR— -

: 'xt'; E ]

: o0, : ]

......... :.....,.._

: : ®: ]

: * ]

R S [ R R :. .......... .‘ ...... —

ie

Do - U U N e R

P e
2% et L i At At P o f|

0 N T
-3 -2 -1 0 1 2 3 1 2 3

= T N
- T' ........... _I_'Il[IFﬂur
S 4: ___________ +: _____ _
;_._._._._= ........... A1 ,_}_"']"
= [ .
F———— o I
E I - N
S L]
SR |

= M

= 7

I
—— Jet fakeg W rapidity
...... USSR SV SRV SO
CCD fraption uncerjainty k

ey oo by oy e ooy o e by oy

i
I
T
I

B — 4+ Fo——. B — —
I I
| |

d

=

-2

-1

0

1

2 3
W rapidity

W or lepton rapidity

0.8

o
>

W Charge Asymmetry

[
ot
0

-0.8

CDF

B P ]

~ CDF Run Il Preliminary rL =i fb ]

[ —=— 11fb" dataistat. + syst) i

N : ]
HEG-pregiction G HESE-TH3

B | ] PDF uncertainty(CTEQE. 1M} :

B L1 1 1 L1 1 1 | I I | | I I | L1 1 1 L1 1 | i

-3

-2

1

0

W boson I‘apldlt‘y'
— P direction

2

3

p direction —



We can apply the same logic to parton-parton hard scattering
reactions.

For quark-quark and -antiquark scattering, the cross sections are
very similar to the cross sections for electron-quark scattering
discussed yesterday.

do _ 2 Tt u? + t2
u—dd) = -——2
dcos 0, (utt — dd) 9 s | 52 |
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Quark-gluon and gluon-gluon reactions bring in new cross
sections. | will derive some of these tomorrow.

do B 16 m§ u ot 9 u? + t?
dcosé’*(UUHgg) 97 g [?+5_Z 52 |
do (40 — ) = 1 wag[ngE_guertQ]
d cos 8, 12 s 't w4 82
do (g — ug) 2770@[ u S 9u2+32]
— = - — — — —

d cos 0, 9 s s u 4 t?
do 97 st su ut
deos0, W9 799 = BT m Al

(For identical particles in the final state, integrate over only
half of 47 .)



do/dM (nb/GeV)
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A much clearer visualization of the event is given by using variables
that emphasize the momentum structure transverse to the initial

beam directions.
(97 Qb,p) — (777 ¢7pT)
rapidity:

transverse-moving particle: (mr, pr,0) mgp = (m? + p2)*/?

general particle: (mr coshy, pr, m7 sinh y)
pseudo-rapidity:

Use the same formulae with the assumption of zero mass. Then
there is a direct relation between the rapidity variable and polar

angle. 1 1 0
cos ) = tanhn n = — log €08
2 1 —cosf

The plot of |pr| over the plane of (7, @) is called the ‘Lego plot’.
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Look more closely at the event pictures in the Lego plot.
How do we define a jet 7 In particular,

Which pieces of the transverse momentum distribution
are assigned to each jet ?

What is the internal structure of a jet ?

How many jets are there in a given event ?
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The simplest version of this question appears in e+e-
annihilation. We saw that the probability of gluon
emission goes to 1 as we consider more collinear or
softer gluons.

At what point do we cross over from a ‘2-jet event’ to
a ‘3-jet event’ ?

We can approach this problem in two ways, using a
‘jet observable’ or a ‘jet algorithm’.



A ‘jet observable’ gives a quantitative answer to the question,
to what extent is the momentum flow of the event collimated
along a given axis ?

3 2
Sphericity: S = — mAin Za pa2T

2 a Y, D2
so that S = 1 for a spherical event, S = 0 for a fully collinear
event.
Thrust: T — max S |Pa - 7

o D |Pal

so that T = 1/3 for a spherical event, T =1 for a fully collinear
event.

T has the advantage over S in being ‘infrared-safe’. The
splitting of a quark to a collinear quark-gluon pair changes S
but does not change T.
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Compute Tto O(ay)
ete” — qq gives T=1

_|_

e'e — qﬁg gives T= max(:z:q, Lq, mg)

T=2/3 for a symmetric (planar) configuration.

Xq

(1-T) > 0.1

N




Here is the explicit result. It diverges as T — 1, and it cuts off
as T — 2/3.

d_O' _ 7o - 2()(8 . /xq daj_ 332 —+ ZC%
dT 3T 2(1—xz4) ! (1 - xQ)(l - 5’76) zq=T
2a, [28T2-3T+2) 2T—1 33T —2)(2-T)
p— . . O -
70" 3n TA-T) °1-T (1-T)

At higher orders, we can go beyond T =2/3. Nonperturbative
corrections are also needed to fit the thrust data as a function of

CM energy.
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An alternative way to study the jettiness of events is to use a
‘jet algorithm’. In this approach, we start from the particles
observed in the event and attempt to combine them into
clusters. At some point, we will stop, and the clusters at this
stage are defined to be the jets.

In a theory calculation, we combine partons. In a real
experiment, we might combine energies associated with signals
in a detector, e.g. energies in calorimeter towers.

A simple algorithm is the JADE algorithm: Compute the invariant
mass of each pair of particles. Find the two particles with the
smallest invariant mass, and combine these to a single particle.
Continue until the next step gives an invariant mass
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Altarelli-Parisi evolution generates structure for each jet.

<<

Collinear quarks and gluons are radiated at every mass scale.
The radiations are distributed on a log scale in Q or in

So a jet is a fractal. For fixed « its structure is predicted to
be scale-invariant. The running of « predicts more structure
at smaller mass scales or larger angles.



To predict the structure of a jet, we need to simulate the quark
and gluon emissions:

Begin with a simple process with 2 particles in the final state,
e.g., ete” — qq .

For each outgoing parton, step from ) = \/5 to () ~ GeV .
At each step, emit a quark or gluon with the probability given
by the Altarelli-Parisi equation. (This is specific for collinear
emissions; generalize this, somehow, for wide-angle emissions.)

If there are hadrons in the initial state, the initial partons also
undergo radiation from parton evolution.

At the end of the process, use a phenomenological model to
turn the quarks and gluons into hadrons.

The event simulation programs PYTHIA, HERWIG, SHERPA carry
out this program, using somewhat different implementations.



n-jet event rates [ %|

Here is a comparison of the Monte Carlo simulations to data,
showing the dependence on the hadronization algorithm and on
the QCD parameters used.
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In proton-proton collisions, it is not so easy to define an
effective variable to cluster particles into jets.

Detectors cover only a limited angular region, excluding the very
forward directions.

The disruption of the two protons creates a large number of
particles at low pr, distributed across the range of rapidity.
This particles from this ‘underlying event’ should not be
included in the momentum of the jet.



Two commonly used approaches to clustering are
cone jets:

define a jet to be the particles or energies inside a cone of fixed
angular size R, where

R = /(An)? + (A¢)?

A common choice is R = 0.7. Propose cone locations, and move
these in (1), ¢) to maximize the tranverse momentum contained
in the cones.

kT jets:

Combine pairs of particles or energies with the minimum value of

2 . 2 2 2
kT ab — I{lllbn(paTvpr) ) Af{ab
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Peter Loch will discuss these methods in much more detail.

| would just like here to give some evidence that QCD does
successfully describe the distribution of energy inside jets.

The variable used in the next plots is (0O<r<1)

) pr( cone size tR)
~ S pr( cone size R)

(r)
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There are two final issues that | would like to discuss.

First, it is not quite correct that we can model parton evolution
as an independent process for each parton.

For radiation from a color-singlet gq dipole, depending on the
orientation, we may have

constructive interference: +

destructive interference: NN +

This effect actually shows up in the data as a modulation of
particle production.
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This color coherence is implemented in PYTHIA and HERWIG
by enforcing angular ordering of the successive emissions in
the parton shower.



Second, for many purposes, a simple parton shower is not a
sufficiently accurate representation of the final state.

When we search for new particles at the LHC, we will be
interested in events with leptons or missing energy + 4 jets,
all at large angles to one another. We will want to know the
Standard Model rates for such events.

PYTHIA and HERWIG are not designed to estimate the rates for
such events correctly. To do this, we need full QCD matrix
elements for the multijet processes.

| will discuss next time how to calculate these matrix elements.
There is also the problem of integrating the results into event
generation without double-counting of parton emissions.

Several codes now compute such matrix elements and generate
events, matching the matrix element generation to parton
showers.



predictions of the ET spectrum in W+ jets at the LHC for the 4

hardest jets, from J. Alwall et al.
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Some very interesting ideas arise in the computation of
multi-parton matrix elements. | will discuss these in
the next lecture.



