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A wealth of information about QCD lies in its final states. Problem is how
to extract it.
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A wealth of information about QCD lies in its final states. Problem is how
to extract it.
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et e is (00m, wn, oow)  f——— T T et seemis (00m, wn, oow)  f——— T T

One option is to use a jet-algorithm and classify events — 2 jets, 3 jets,. ..
But this does not capture continuous nature of variability of events.
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L Introduction

Event Shapes

First discussion goes back to 1964. Serious work got going in late '70s.

Various proposals to measure shape of events. Most famous example is
Thrust:
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L Introduction

Event Shapes

First discussion goes back to 1964. Serious work got going in late '70s.
Various proposals to measure shape of events. Most famous example is

Thrust:
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3-jet event: T ~2/3

There exist many other measures of aspects of the shape: Thrust-Major,
C-parameter, broadening, heavy-jet mass, jet-resolution parameters,. ..
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L introduction Event shapes: high information content

10? T

T T
no ME correction
HERWIG++ N

Much learnt from event-shapes in
§=32GeV ——— 7 _
DELPHI 96 —— 1 e+e and D|S

10° s TR 1 @ s fits

10-1 , @ Tuning of Monte Carlos

102 | E

1

o
f=}
[
o
M
=T §
Lo
(=]
IS
S e 1
o



Automated resummation (p. 4)

L introduction Event shapes: high information content
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L introduction Event shapes: high information content
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L introduction Event shapes: high information content
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Neglected at hadron colliders despite (measurements: CDF Broad, DO Thr)
@ Rich structure of multi-jet events [e.g. Stony Brook soft colour logs]
@ big source of gluon jets [e.g. for hadronisation studies]

@ potential for studying underlying event
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Inputs to event-shape distribution?

10 Pe. OPAL 91 GeV —— |
! .
E
E
¥
E
{ k
[ E
g I
I
= P
i
I
I
I
f :
i
I
0-1 L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Total Broadening (By)



Automated resummation (p. 5)
L Introduction

Inputs to event-shape distribution?

10 Pe. OPAL 91 GeV —— |
I - LO —
& f
Y
3
o i ]
—
I
I
f :
i
as :
0-1 L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Total Broadening (By)



Automated resummation (p. 5)

L introduction Inputs to event-shape distribution?
10 OPAL 91 GeV —— |
i . Lo
£ NLO ——
& f
S
3
o '} 7
—
as + ag i
0-1 1 1 1 1 1 1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Total Broadening (By)



Automated resummation (p. 5)

L introduction Inputs to event-shape distribution?
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L Introduction

Inputs to event-shape distribution?
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L Perturbative tools Pertu rbative tOOlS

Fixed order
@ Event shapes trivial for Born events (e.g. pp — 2 jets, thrust=1)
@ First non-trivial order (LO) is Born + 1 parton, i.e. pp — 3 jets

1do

Given computer subroutine for V/(p1, ..., p,) program gives you f1(V), f(V)
NLOJET++, Nagy, '01-'03; also Kilgore-Giele code
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Perturbative tools

Fixed order
@ Event shapes trivial for Born events (e.g. pp — 2 jets, thrust=1)
@ First non-trivial order (LO) is Born + 1 parton, i.e. pp — 3 jets
1 do
Given computer subroutine for V/(p1, ..., ps) program gives you f1(V), f(V)
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Perturbative tools

Fixed order

@ Event shapes trivial for Born events (e.g. pp — 2 jets, thrust=1)

@ First non-trivial order (LO) is Born + 1 parton, i.e. pp — 3 jets
1 do

Given computer subroutine for V/(p1, ..., p,) program gives you f1(V), f(V)

NLOJET++, Nagy, '01-'03; also Kilgore-Giele code
Resummation

@ For V <« 1 (most data), soft-collinear logs dominate, L =In1/v:

2m
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Perturbative tools
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L perturbative tools Automate resummation?

Monte Carlo resummation:
Event generators (Herwig, Pythia, ...) = powerful automated
resummation programs! But:

@ Accuracy often unclear (depends on observable, no NLL for multi-jet
processes)

@ Difficult to estimate uncertainties of calculation
@ Matching with fixed order is tricky

@ No analytical information
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L perturbative tools Automate resummation?

Monte Carlo resummation:
Event generators (Herwig, Pythia, ...) = powerful automated
resummation programs! But:

@ Accuracy often unclear (depends on observable, no NLL for multi-jet
processes)

@ Difficult to estimate uncertainties of calculation
@ Matching with fixed order is tricky

@ No analytical information

What we would like:
Something as good as manual analytical resummation

@ Guaranteed accuracy, exponentiation
@ Separate LL, NLL functions, gi(asL), g(asl)

@ Expansions of g3 and g» to fixed order in a;
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Building a resummation

Introduce observable (& one emission)
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Dependence on single soft collinear

emission:
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In general: linear comb. of In %, [n)
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Limit on 7, T < Tmax defines vetoed
region in k; — n plane.

Virtual-real  cancellation  occurs
everywhere  except vetoed re-
gion — left-over virtuals give
(~ —asdndlink:):

Y(T < Tmax) = 1 + Gnasl? + Grasl
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Vetoed area edges
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L Buiding a resummation What happens at all orders. . .
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region . LL exponential)
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: Ll Lt P b cel against virtuals if do not affect
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Building a resummation

What happens at all orders. . .
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L 3
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® Require non-canc. to be a7L”,
i.e. only emissions in band matter

Virtual ‘area’ exponentiates:
anLrtl

(Sudakov)
NLL edges stay NLL (and multiply
LL exponential)
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What of real emissions? Only can-
cel against virtuals if do not affect

observable.
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L uilding a resummation What happens at all orders. . .
InkJ/Q
Virtual ‘area’ exponentiates:
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cel against virtuals if do not affect
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® Require non-canc. to be a7L”,
i.e. only emissions in band matter

@ The rest cancel with virtual
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Building a resummation

What happens at all orders. . .

Ink,/Q

vetoed
region

.
° 09

® Require non-canc. to be a7L”,
i.e. only emissions in band matter

@ The rest cancel with virtual

Virtual ‘area’ exponentiates:
anLrtl

(Sudakov)
NLL edges stay NLL (and multiply
LL exponential)

asl?® — e

nfn
asl — et

What of real emissions? Only can-
cel against virtuals if do not affect
observable.

@ Require insensitivity to secondary
collinear splitting
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Building a resummation

What happens at all orders. . .

S
b vetoed
region

a|Bue abire| + 1os

® Require non-canc. to be a7L”,
i.e. only emissions in band matter

@ The rest cancel

with virtual

Virtual ‘area’ exponentiates:
anLrtl

(Sudakov)
NLL edges stay NLL (and multiply
LL exponential)

asl?® — e

nfn
asl — et

What of real emissions? Only can-
cel against virtuals if do not affect
observable.

@ Require insensitivity to secondary
collinear splitting

@ ‘cluster’ emissions
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L uilding a resummation What happens at all orders. . .
Ink/Q
. Virtual ‘area’ exponentiates:
.
. O‘x%/// as L2 N ealsvl_n-H
gé’ %.7 (Sudakov)
¢ Jetoed % \\’o% NLL edges stay NLL (and multiply
g § - LL exponential)
s asl — el
What of real emissions? Only can-
\ cel against virtuals if do not affect
observable.
® Require non-canc. to be a7L”, @ Require insensitivity to secondary
i.e. only emissions in band matter collinear splitting
@ The rest cancel with virtual @ ‘cluster’ emissions

Like infrared-collinear (IRC) safety. But stronger: recursive IRC safety. |

Low emission density — approximate M.E. by indep. emission (coherence)
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L uiding 3 resummation Extracting pure NLL corrections

@ Recall InT = a;lgi(asl) + go(asl) + asgs(asl) + . . ..
@ Rescale as — 0, L — oo with sl constant.

o asg3(asl) drops out; subtract aglgi(asl): pure go(asl) remains
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Extracting pure NLL corrections

Building a resummation

@ Recall InT = a;lgi(asl) + go(asl) + asgs(asl) + . . ..

@ Rescale as — 0, L — oo with sl constant.

o asg3(asl) drops out; subtract aglgi(asl): pure go(asl) remains
@ Rescaling of L and as equivalent to remapping of phase-space band
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Extracting pure NLL corrections

Building a resummation

@ Recall InT = a;lgi(asl) + go(asl) + asgs(asl) + . . ..
@ Rescale as — 0, L — oo with sl constant.
o asg3(asl) drops out; subtract aglgi(asl): pure go(asl) remains

@ Rescaling of L and as equivalent to remapping of phase-space band

Ink,/Q Ink,/Q
n 4 n
"a,,x %%,
A %,
N g Z N 7
.S vetoed | § %, . S %.
S X it oA remapping N "
Ry region & S, & 8 S,
© g * 004? (oL const) e e on
& ‘ s ,/ region |§ ¢
’ @
L] ‘ g
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NB: observable must scale properly under remapping (— part of rIRC safety)



Automated resummation (p. 13)

L Buiding a resummation Other major condition: globalness

Some observables measure just part
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Building a resummation

Other major condition: globalness

Some observables measure just part
of phase space, e.g. single jet

non-global \
Resummation is different:

@ Extra edge (NLL), whose shape
may depend on emissions, e.g.
jet in kg algorithm

Ink,/Q
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.
S
& - s
2 %
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L Buiding a resummation Other major condition: globalness

Some observables measure just part
Ink/Q of phase space, e.g. single jet

non-global \
& 7s Resummation is different:

vetoedl D\ @ Extra edge (NLL), whose shape
g may depend on emissions, e.g.
jet in kg algorithm
- Appleby & Seymour '02
Banfi & Dasgupta '05

@ Must resum multiple large-angle
ordered emission, done so far
only in large-N, limit

Dasgupta & GPS '01-'02
Banfi, Marchesini & Smye '02
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L Buiding a resummation Other major condition: globalness

Some observables measure just part
Ink/Q of phase space, e.g. single jet

non-global \
& 7s Resummation is different:

T @ Extra edge (NLL), whose shape
region may depend on emissions, e.g.
jet in kg algorithm
o Appleby & Seymour '02
Banfi & Dasgupta '05
@ Must resum multiple large-angle
ordered emission, done so far
only in large-N, limit

Non-global observables are Dasgupta & GPS '01-'02
not for now! Banfi, Marchesini & Smye '02
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L implementation Overall structure

Analytical work (done once and for all)
Al. formulate exact applicability conditions for the approach (its scope)

A2. derive a master formula for a generic observable in terms of simple
properties of the observable
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Analytical work (done once and for all)
Al. formulate exact applicability conditions for the approach (its scope)

A2. derive a master formula for a generic observable in terms of simple
properties of the observable

Numerical work (to be repeated for each observable)
N1. let an "expert system” investigate the applicability conditions
N2. it also determines the inputs for the master formula

N3. straightforward evaluation of the master formula, including phase
space integration etc.
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L implementation Overall structure

Analytical work (done once and for all)
Al. formulate exact applicability conditions for the approach (its scope)

A2. derive a master formula for a generic observable in terms of simple
properties of the observable

Numerical work (to be repeated for each observable)
N1. let an "expert system” investigate the applicability conditions
N2. it also determines the inputs for the master formula

N3. straightforward evaluation of the master formula, including phase
space integration etc.

Note: N1 and N2 are core of automation

a) they require high precision arithmetic to take asymptotic (soft &
collinear) limits

b) validatation of hypotheses uses methods inspired by " Experimental
Mathematics”
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I—Implerr‘uem:ation I n practlce ( 1)?

Single emission properties

@ Observable must have standard functional form for soft & collinear
gluon emission
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@ Observable must have standard functional form for soft & collinear
gluon emission
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I—Implementation I n practlce ( 1)?

Single emission properties

@ Observable must have standard functional form for soft & collinear
gluon emission

ke

W@LMzw(Q

> e brig ().

Born momenta soft collinear emission
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Implementation

In practice (1)7?

Single emission properties

@ Observable must have standard functional form for soft & collinear
gluon emission

kN
Vitph ) =d (g) e a0,
Born momenta soft collinear emission

@ Determine coefficients ag, by, dy and gy(¢) for emissions close to each
hard Born parton (leg) /.
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I—Implementation I n practlce ( 1)?

Single emission properties

@ Observable must have standard functional form for soft & collinear
gluon emission

ke

wwhm:w(Q

> e brig ().

Born momenta soft collinear emission
@ Determine coefficients ag, by, dy and gy(¢) for emissions close to each
hard Born parton (leg) /.

@ Require continuous globalness, i.e. uniform dependence on k;
independently of emission direction (a; = a, =--- = a)
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I—Implerr‘uem:ation In practlce (2)?

Multiple emission properties
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@ Require observable to scale universally for any number of emissions:

. 1
[im —
v—0 Vv
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Implementation

In practice (2)7

Multiple emission properties

@ Parametrize emission momenta by effect on observable:

x(V) is any momentum such that V({p},x(v)) =V

@ Require observable to scale universally for any number of emissions:
.1 _ _
lim = V({{p}. £1(G7V). w2(C2¥). . ..) = F(C1, G2y )

@ Require recursive infrared-collinear safety:

ClnILnO f(g]_, C27 ce 7€n—17 Cn) = f(417 C27 o 7€n—1)

Or:
[Iim , Iim]
v—0 ¢(p—0

< =

V({p}, ﬂl(clv)v "62(C2V)7 oo ,HH(C,,V)) =0
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I—Implementation The fOI’m u | ae

Given info from previous pages, final answer is analytical:

2F,
In ¥ (v ch[re + v )(m@-mm%)

2
In1 N b g2
—|—BgT<n /V>]+Z|n (X, v TP pg)
a

=1 Q(Xf) :u%)

+InS <T <'”i/v>> FInF(Cir, ..., Carl),
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I—Implementation The fOI’m u | ae

Given info from previous pages, final answer is analytical:

In¥ (v ch |:rg + r)(v )<|n dy— byln 2—54>

2
In1 N o, v
—|—BgT<n /V>]+Z|n (X, v P pg)
a

—1 Q(Xf):u%)
Inl/v ,
+InS(T p +InF(Ciry, ..., Carh),

C; = colour factor Cr or Ca), fo(xe, #2) = parton distributions
2y
T Qa2 (k) kY, @ di2 ao(ke) 1. Q
0= et ()" O, satg,

S(T(2In1/v)) = large-angle logarithms (process dependence)
Botts-Kidonakis-Oderda-Sterman '89-'98; (n > 4: Bonciani et al '03)
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I—Implementation The fOI’m u | ae

Given info from previous pages, final answer is analytical:

In (v Z C |:rg +r)(v )<|n dy — by ln 2—54>

2
In1 SN g2
—|—BgT<n /V>]+Z|n 1 (X, vt pg)
a

—1 f—g(Xg,/J/%)
Inl/v ,
+InS( T p +InF(Cirq,y..., Corl),

C; = colour factor (Cr or Ca), fk(Xg,u%) = parton distributions
T Qa2 (k) k \P @ di2 ao(ke) 1. Q
I’/(L)—f 3 Q2 k2 7'rt ln(vl/;Q) +‘fab[ Q@ k 7l't lnk_t’

S(T(2In1/v)) = large-angle logarithms (process dependence)
Botts-Kidonakis-Oderda-Sterman '89-'98; (n > 4: Bonciani et al '03)



Automated resummation (p. 17)

I—Implerr‘uem:ation The fOI’m u | ae

Given info from previous pages, final answer is analytical:

_ 2F
In ¥ (v ZCE |:rg + (v )(Indg bUn%)
. 2

In1/v UL (X, vE p2)

BT In 2207 o)

—1 ff(Xfa :u12f)

+InS <T <|ni/v>> +InF(Curg, s Gora)s

Except F, which is calculated via MC integration

R ©© m+1 n

27
Foin (T an [ 75 ) stman

i=1 (=1

X exp <—R’In i V{P} F1(G1V), Hm+1(Cm+1V))> '

v—0 v
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Implementation

CAESAR flow chart

Computer Automated Expert Semi-Analytical Resummer

Determination of
leg properties
ag, by, dp, ge(¢)
leq.(3.1)]

 sud

Determination of
sufficiently soft and
collinear region for

subsequent steps

failure

global? o, =---=a,
and eqs.(3.2)

TIRC safe?

no

[eqs.(3.4,3.5)]

Declare
failure of

resummation

FAILURE

Determine zeroes and
their propert
computation of F)

F calculable i
double precision?

F and Fy known
analytically
[eqs.(3.26,A.10)]

Caleulate F and F,
in double precision
[eqs.(3.12,A.9)]

Calculate F and F,
in multiple precision
eqs.(39,A.9)]

SUCCESS: NLL resummed result
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L implementation What it doesn't do

@ Observables that vanish other than through suppression of radiation
(e.g. Vector Boson p; spectrum) have divergence in ga(asL) beyond
fixed value of asl. Rakow & Webber '81; Dasgupta & GPS '02

o for very-inclusive 2-jet cases analytical resummations are in any case more
accurate (NNLL) Higgs p;:: Bozzi et al '03-05
Back-to-back EEC: de Florian & Grazzini '04
@ For less-inclusive cases, this problem is sometimes ‘academic’ (in region of
vanishing X-section).

@ Non-global observables are beyond its scope (but perhaps could be
included in future).
o Individual jet properties, or subsets of jets
o Gap resummations Appleby, Banfi, C. Berger, Dasgupta, Forshaw
Kucs, Kyrieleis, Oderda, Seymour, Sterman, ...

@ Threshold resummations not yet thought about in this framework.
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L Hadron-Hadron dijet event shapes Hadron collider event shapes

Contradiction?

Theoretical calculations are for global observables.
But experiments only have detectors in limited rapidity range.
(Strictly: series of sub-detectors, of worsening quality as rapidity increases)
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L Hadron-Hadron dijet event shapes Hadron collider event shapes

Contradiction?

Theoretical calculations are for global observables.
But experiments only have detectors in limited rapidity range.
(Strictly: series of sub-detectors, of worsening quality as rapidity increases)

Model by cut around beam |7| < 7max
[J Problems with globalness p

jet
Take cut as being edge of most forward detector with momentum or
energy resolution:

Tevatron | LHC
Nmax 3.5 5.0
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I—Hadron-Hadron dijet event shapes

Practical hh event shapes

Particles from beyond max rapid-

ity contribute significantly only for
small V < e~ (atbe)imax.

Most of cross section may be above
that limit — rapidity cut irrelevant.
Banfi et al. '01

dZy (T g )din(ty g)/oy

Global thrust

0.9 : : :
— Eqmin=50GeV

- - Eqpmin=200GeV

0.7
0.6
05
04
03
0.2
01




Automated resummation (p. 21)

I—Hadron-Hadron dijet event shapes P ra Ctlcal h h event Sh a peS

Particles from beyond max rapid- Jet_broadening, jet-mass
ity contribute significantly only for llnl
small V' < e (atbe)mmax (+ke/Qe™™M)

i 0.9 e

Most .of cross section may be above O [ B B S0GEY 7

that limit — rapidity cut irrelevant. 8 - EH,E, EED,min=520§)eé;VV
: ) T 0.7 F -~ Bwe Eomin© € R
Banfi et al. '01 9 ol PHe £ min=200GeV. ]

> g
€ 05 - ,
2 o4} 1

>
~ 03 ' S
W o2t ey 4|
0.1} R
0 L 1 A—‘/,
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I—Hadron»Hadron dijet event shapes P ra Ctlcal h h event Sha peS

Particles from beyond max rapid-

. : e Recoil thrust minor
ity contribute significantly only for

< o~ (a+bg)mmax 25 T T T
small V S e . = 49 99 20
Most of cross section may be above =, | gg* ggiéo |
that limit — rapidity cut irrelevant. DE’-. qg- qg
Banfi et al. '01 LE, 15 — 99~ 99 |
. k)
Alternative =
- & 10 .
Measure just centrally & add recoil & /
term (indirect sensitivity to rest of 2 s} . -
event): W L
1 0 =1 L L
— - -4 -3 -2 1
Ric=—=—|>_dul, In(T
Qic (TR

oliec

Here ga(asL) diverges for L ~ 1/as (due to cancellations in vector sum) —
study distribution only before divergence.
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I—Hadron»Hadron dijet event shapes

Summary of observables

Resummation Underlyin Jet
Event-shape | Impact of 7jma breakdown Ever:/t ¢ hadronisation
Tl g tolerable none ~ Nmax/ Q ~1/Q
Tmg tolerable none ~ Nmax/ @ ~ 1/(/asQ)
o3 tolerable none ~ Y23/ Q ~ y23/Q
TLE PX.E negligible none ~1/Q ~1/Q
Bx.c negligible none ~1/Q ~1/(\/a5Q)
Tm.e negligible serious ~1/Q ~1/(y/asQ)
Va3.€ negligible none ~1/Q ~ /y23/Q
TLR, PXR none serious ~1/Q ~1/Q
TmRr, Bxr none tolerable ~1/Q ~1/(\/05Q)
V23, none intermediate ~ /y23/Q ~ /y23/Q

NB: there may be surprises after more de-
tailed study, e.g. matching to NLO...

Grey entries are definitely
subject to uncertainty
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I—Hadron»Hadron dijet event shapes S umm a ry Of Obse rva bleS

Resummation Underlyin Jet
Event-shape | Impact of 7jma breakdown Ever:/t ¢ hadronisation
Tl g tolerable none ~ Nmax/ Q ~1/Q
Tmg tolerable none ~ Nmax/ @ ~ 1/(/asQ)
o3 tolerable none ~ Y23/ Q ~ y23/Q
TLE PX.E negligible none ~1/Q ~1/Q
Bx.c negligible none ~1/Q ~1/(\/a5Q)
Tm.e negligible serious ~1/Q ~1/(y/asQ)
Va3.€ negligible none ~1/Q ~ /y23/Q
TLR, PXR none serious ~1/Q ~1/Q
TmRr, Bxr none tolerable ~1/Q ~1/(\/05Q)
V23, none intermediate ~ /y23/Q ~ /y23/Q

NB: there may be surprises after more de- Grey entries are definitely
tailed study, e.g. matching to NLO... subject to uncertainty

Note complementarity between observables |
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L Outlook Conclusions/Outlook

Status
@ Powerful new tool
@ Insight into structure of exponentiating resummations (rIRC safety)

@ Many observables have been studied, and for first time, hadron-collider
dijet event shapes http://qcd-caesar.org/
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L Outlook Conclusions/Outlook

Status
@ Powerful new tool
@ Insight into structure of exponentiating resummations (rIRC safety)

@ Many observables have been studied, and for first time, hadron-collider
dijet event shapes http://qcd-caesar.org/

Short-term Outlook

@ Matching with fixed order (DIS 2 + 1jets, ete™ 3jets, then
hadron-hadron)

@ Making program public

NB: for accurate hadron-hadron matching, crucial information is missing
from fixed-order codes:

To authors of fixed-order codes:
Please provide flavour information!


http://qcd-caesar.org/

EXTRA SLIDES
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L Hadron collider specifics

Interest of hadronic colliders?

Various processes:

@ pp — W/Z/H boson + jet
@ pp — 2 jets

Banfi Marchesini Smye Zanderighi '01
Main subject of this talk
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Hadron collider specifics

Various processes:

@ pp — W/Z/H boson + jet Banfi Marchesini Smye Zanderighi '01
@ pp — 2 jets Main subject of this talk
Standard applications (e.g. ) New territory
@ Measure as @ 4-jet (2 + 2) topology — novel
o As for 3-jet/2-jet ratio in pp, perturbative structures

reduce dependence on PDFs soft colour evin matrices

Botts, Kidonakis, Oderda,
Sterman '89-99
@ 3 & 4-jet topologies (& g-jets)
— rich environment for
analytical non-pert. studies

@ But for event-shapes —
distribution

@ Far more information than
3-jet/2-jet ratio

@ Underlying event — test models
(analytical & MC).
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L Extras Interest of hadronic colliders?

Hadron collider specifics

Various processes:

@ pp — W/Z/H boson + jet Banfi Marchesini Smye Zanderighi '01
@ pp — 2 jets Main subject of this talk
Standard applications (e.g. ) New territory
@ Measure as @ 4-jet (2 + 2) topology — novel
o As for 3-jet/2-jet ratio in pp, perturbative structures

reduce dependence on PDFs soft colour evin matrices

Botts, Kidonakis, Oderda,
Sterman '89-99
@ 3 & 4-jet topologies (& g-jets)
— rich environment for
analytical non-pert. studies

@ But for event-shapes —
distribution

@ Far more information than
3-jet/2-jet ratio

@ Underlying event — test models

(analytical & MC).

Variety of event-shape observables — complementary information —
disentangle the different physics issues.
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L Extras Soft colour evolution

L Hadron collider specifics

Multi-jet final states: relative colour of pairs of hard partons determines
soft large-angle radiation.
2 jets: always in a colour singlet

3 jets: colour state of any pair fixed by third
parton (colour conservation).

4 jets: a given pair can be in various colour
states. Soft virtual corrections mix colour
states.
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L Extras Soft colour evolution

L Hadron collider specifics

Multi-jet final states: relative colour of pairs of hard partons determines
soft large-angle radiation.
2 jets: always in a colour singlet

3 jets: colour state of any pair fixed by third
parton (colour conservation).

4 jets: a given pair can be in various colour
states. Soft virtual corrections mix colour
states.

Resummation leads to matrix evolution equation for colour state of
amplitudes (‘soft anomalous dimenions')
Developed at Stony Brook: Botts, Kidonakis, Oderda & Sterman '89-99
more general formulation Bonciani, Catani, Mangano, Nason

Interesting to test it (NB: used also for top threshold corrections).
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L Eras rIRC v. IRC safety

- rIRC example

IRC safety is subtle in two-scale problems. Say we have two scales: @ and
ki < Q.
IRC safety says that if we add an extra emission k;p, then

lim V(kl,k2) (kl)

ki —0
An example function that satisfies this is

V(ky) = k—g V(ky, ko) = kg

But it is not rIRC safe. Take ky1 = v@Q and ki = (okat
V (ki ko) = v(1+O((2 — 7))

(1+O(ke — ki1/ Q)

So

1
lim lim =V(ky, k) =1, while lim lim — V(kl,kz) =2.

v—0¢—0 VvV (—0v—0 Vv
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L Experimental considerations Experimental considerations

Contradiction?

Theoretical calculations are for global observables.
But experiments only have detectors in limited rapidity range.
(Strictly: series of sub-detectors, of worsening quality as rapidity increases)
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L Experimental considerations Experimental considerations

Contradiction?

Theoretical calculations are for global observables.
But experiments only have detectors in limited rapidity range.
(Strictly: series of sub-detectors, of worsening quality as rapidity increases)

Model by cut around beam |7| < 7max
[J Problems with globalness p

jet
Take cut as being edge of most forward detector with momentum or
energy resolution:

Tevatron | LHC
Nmax 3.5 5.0
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I—Experimenta\ considerations Sldesteppl ng non—globa I neSS

Select events with central, hard jets (x1, x2 not too small), with transverse
momentum P .

From kinematics, emissions (k) near forward detector edges typically have
small transverse momentum:

klNPLe_nO < PL

If event-shape value is always sufficiently large that such an emission
contributes negligibly, then:
we can ignore rapidity cut & pretend measurement is global

Proceed as follows:

@ Calculate distribution without any rapidity cutoff
@ Determine smallest ‘typical’ value of observable

o Check self-consistency: i.e. that in comparison, emissions beyond cutoff
contribute negligbly. Banfi, Marchesini, Smye & Zanderighi '01



Automated resummation (p. 30)

L Example observables Event selection cuts

Results that follow based on this (illustrative) event selection:

@ Run longitudinally invariant inclusive k; jet algorithm (could also use
midpoint cone)

@ Require hardest jet to have P 1 > P nin = 50 GeV

@ Require two hardest jets to be central |n1],|n2]| < n. = 0.7

Pure resummed results
no matching to NLO (or even LO)
Shown for Tevatron run Il
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L Example observables Transverse thrust & minor

1. Directly global observables

Some observables are naturally defined in terms of all particles in the
event, e.g. Global Transverse Thrust

doilgui-aT|

T, » = max TLle=1—T
-4 1 ) L.g Ll.g>
nr E :,' ali

beam
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L Example observables Transverse thrust & minor

1. Directly global observables

Some observables are naturally defined in terms of all particles in the
event, e.g. Global Transverse Thrust

& ;-7
Tl g = max 2. 1qui- 7 ) TLg=1—Tlg,
nr Z,‘ ali
Ny
and Global Thrust Minor N,
1gi-n L
Tm _ 21 1Gi-fim) fim-AiT =0

€ >oiqui

beam



Automated resummation (p. 32)

L Example observables 3-jet resolution threshold

1. Directly global observables

Use exclusive long. inv. k; algorithm: successive recombination of pair with
smallest closeness measure dyy, dis:

dis = G - dr = min{qd . g1} ((m —m)? + (6% — ¢1)?) -

Define d(" as smallest dir, dkg when only n pseudo-jets left. Examine
(normalised) 3-jet resolution threshold

1
L E—S)
y2s (ELa1+ E|2)?

Jets /et 2 jet 2

jet3

T

jetl jetl

Generalisation of 3-jet cross section
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L Example observables 3-jet resolution threshold

1. Directly global observables

Use exclusive long. inv. k; algorithm: successive recombination of pair with
smallest closeness measure dyy, dis:

dis = G - dr = min{qd . g1} ((m —m)? + (6% — ¢1)?) -

Define d(" as smallest dir, dkg when only n pseudo-jets left. Examine
(normalised) 3-jet resolution threshold

1 (
3= max{d"
Y2 (ELa1+ E|2)? n23{ b
B3 /et 2 jet2

jet3

.

p p p p
jetl jetl

Generalisation of 3-jet cross section
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L Example observables ReS u |tS

1. Directly global observables

Probability P(v) that event shape is smaller than some value v:

L2 1
P(V):eXp|:—G12aS _|_:| , L=In—
s v

EV.Shp. G12

Tl g 2Cg+ Cy
Tm7g 2Cg +2(;
¥23 1Ce+1i¢C

Cg = total colour of Beam partons
C; = total colour of Jet partons
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L Example observables ReS u |tS

1. Directly global observables

Probability P(v) that event shape is smaller than some value v:

2
asl 1
P(v):exp[—Glg > +---], L=In—
27 v
20 —
— qq- gg x 20
2 - 99- qqx 10
Ev.Shp. = | -~ dg9-qqx3 |
v.Shp G2 £ 150 g9 qg
— 99- 99
Tl g 2Cg+ Cy E’
S 10| 1
Tmg 2Cg +2(; >
O
1 1 e
y23 5C+5C % 5l |
I/\JI
Cg = total colour of Beam partons ©
C; = total colour of Jet partons 0_6 5 4 3 2
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Example observables
1. Directly global observables

Results

Probability P(v) that event shape is smaller than some value v:

P(V) = exp —612
EV.Shp. G12
Tl g 2Cg+ Cy
Tm7g 2Cg +2(;
¥23 1Ce+1i¢C

Cg = total colour of Beam partons
C; = total colour of Jet partons

dZy (T g )/din(tp g)/oy

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

, L=In—
v

— Epmin=50GeV
- - Eqpmin=200GeV
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L Example observables ReS u |tS

1. Directly global observables

Probability P(v) that event shape is smaller than some value v:

) -
asl 1
P(v)=exp|—Gip— +---|, L=In=
2m | v
0.9 ; ; ‘
— Epmin=50GeV
E: 08 . Ejmin=200GeV 1
Ev.Shp. G = 07 r i
O 06 f 1
Tlg 20 + (4 T o5} ]
o
Tmg 2Cg +2(; o 041 i
1 1 Sl |
¥23 5Cs+5C T ozt ]
© 01t i
Cg = total colour of Beam partons 0 L=~
C; = total colour of Jet partons 7 6 5 -4 3 =2

Beam cut: 7| , 2 0.15e7"Mmax
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L Example observables ReS u |tS

1. Directly global observables

Probability P(v) that event shape is smaller than some value v:

2
asl 1
P(v) = exp [—Glg ° —i—] , L=In-
21 v
25 ——
—_ aq- gg x
2 | [ 99 dax1o
Ev.Shp. G2 > 7T oda-aaxs
2 | e
Tl g 2Cg + C L;’ 15 ]
=
Tm,g 2CB+2CJ ’-5310 - B
£
1 1
y23 5Cs+5C £
T S5t |
W
Cg = total colour of Beam partons © e
C; = total colour of Jet partons 0 2 3 2 1
(T 0)

Beam cut: T g 2 e Mm
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Example observables

1. Directly global observables

Results

Probability P(v) that event shape is smaller than some value v:

P(v) = exp [—
EV.Shp. G12
Tl g 2Cg + C
Tm7g 2Cg +2(;
¥23 1Ce+1C,

dZ 5(Y23)/dIn(yo3) [Nb]

Cg = total colour of Beam partons
C; = total colour of Jet partons

12

=
o

[ee]

1
] , L=In—
v

L qg - gg x 20
- gg- qgq x 10

L -- ad-qgqx3

~—~ q9-qg

L — 99- 99 e

-5
In(y23)

Beam cut: yo3 > e 2" [because yo3 ~ k2]
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L Example observables Forward-suppressed observables

2. Forward-suppressed observables

Divide event into central region (C, say |n| < 1.1) and rest of event (C).
[NB: 3 considerable freedom in definition of C: e.g. can also be two hardest jets]

Define central 1. mom., and rapidity:

Que=) qui, mc= &Zniqﬁ

ieC iec C
and an exponentially suppressed for- 5
ward term,

1
s — § e~ Imi—nel
QJﬂC . qJJ
i¢C



Automated resummation (p. 34)

L Example observables Forward-suppressed observables

2. Forward-suppressed observables

Divide event into central region (C, say |n| < 1.1) and rest of event (C).
[NB: 3 considerable freedom in definition of C: e.g. can also be two hardest jets]

Define central 1. mom., and rapidity:
1
Que=) qui, mc= Q—Zni qLi
icc L€ e C

and an exponentially suppressed for-
ward term,

1
s — § e~ Imi—nel
QJﬂC . qJJ
i¢C

Define a non-global event-shape in C. Then add on &5.

Result is a global event shape, with suppressed sensitivity
to forward region.
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L Example observables EXa m p | eS

2. Forward-suppressed observables

@ Split C into two pieces: Up, Down
@ Define jet masses for each

(Zq,) . X=U,D,

ieCx

px.c =

Qe

Define sum and heavy-jet masses

psc = puc+ppcs pHe = max{puc,ppcl

Define global extension, with extra forward-suppressed term

pse =psc+E&, PHE = pHc + &

o Similarly: total and wide jet-broadenings

Bre=Brc+E&s, Bwe=Bwc+E&z.



Automated resummation (p. 36) R |
esults

Example observables
2. Forward-suppressed observables

Ev.Shp. G1o
ps.e (s +Cy
PH.E (s +Cy
Bt Cs +2(,
BW75 Cg+2C

Cp = total colour of Beam partons
C; = total colour of Jet partons



Automated resummation (p. 36)
Example observables

|—2. Forward-suppressed observables

Results

P(v) =exp |—
Ev.Shp. G1o
ps.e (s +Cy
PH.E Cg+Cy
Bt Cg +2(;
BW75 Cg+2C

dz,(V)/din(V)/oy

Cp = total colour of Beam partons
C; = total colour of Jet partons

Beam cuts: BX(S',[)XNS Z efzm‘nax

, L=In—
| v
0.9 ‘ : : :
— Bw.e Egmin=50GeV
0.8 - — — py e Egmin=50GeV 1
07+ —- BW,S’ ED’miHZZOOGeV J
-~ Py Eq min=200GeV
06 F H,e O,min ., |
0.5 g
0.4t g
03t g
0.2t g
0.1 L
T 3\
0 Il P L PR .
7 6 5 -4 -3 -2 -1
In(V)

[because &5 ~ kee~IM]
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L Example observables Recoil observables

3. Recoil observables

By momentum conservation
Z GLi=— Z Guii
ieC igc

Use central particles to define recoil term, which is indirectly sensitive to
non-central emissions

1
Ric=~— Guii| ,
’ Ric ; :

Define event shapes exclusively in terms of central particles:

PXR=pxc+Ric, Bxr=Bxc+Ric,...

These observables are indirectly global \

First studied at HERA (B.e broadening)



Automated resummation (p. 38)

L Example observables ReS u |tS

3. Recoil observables

CAESAR resummation works for ob-
servables having direct exponentia-
tion:

P(V) _ eLgl(asL)+g2(a5L)+...

For recoil observables, exponentia-
tion holds fully only after Fourier
& other integral transforms (gener-
alised b-space resummation).



Automated resummation (p. 38)
Example observables
3. Recoil observables

Results

CAESAR resummation works for ob-
servables having direct exponentia-
tion:

P(V) _ eLgl(asL)—l—gg(asL)-l-...

For recoil observables, exponentia-
tion holds fully only after Fourier
& other integral transforms (gener-
alised b-space resummation).

Manifestation: NLLs (g2(asl)) di-
verge at some asL ~ 1.

Consequently, cannot extend distri-
bution to v = 0 — must cut before
divergence.



Automated resummation (p. 38)
Example observables
3. Recoil observables

Results

CAESAR resummation works for ob-
servables having direct exponentia-
tion:

P(V) _ eLgl(asL)+g2(a5L)+...

For recoil observables, exponentia-
tion holds fully only after Fourier
& other integral transforms (gener-
alised b-space resummation).

Manifestation: NLLs (g2(asl)) di-
verge at some asL ~ 1.
Consequently, cannot extend distri-

bution to v = 0 — must cut before
divergence.

recoil transverse thrust

. 14+ qq- gg x 20 E
2 -+ g9 qg x 10
:12*-- qgq- gqqx3 1
o4 ~--qg-qg
L / i
S0 — gg- gg
k=4
3 °f / ’
’ﬁ 6 /- 4
|—l':| //,
% AT 2 1
|/\|I e 1‘
85 27 i
ol 1 .
5 -4 -3 2 -1

|n(TD’R)
Quite large effect: ~ 15% of X-sct
is beyond cutoff



Automated resummation (p. 38)
Example observables
3. Recoil observables

Results

CAESAR resummation works for ob-
servables having direct exponentia-
tion:

P(V) _ eLgl(asL)+g2(a5L)+...

For recoil observables, exponentia-
tion holds fully only after Fourier
& other integral transforms (gener-
alised b-space resummation).

Manifestation: NLLs (g2(asl)) di-
verge at some asL ~ 1.

Consequently, cannot extend distri-
bution to v = 0 — must cut before
divergence.

recoil thrust minor

25 T T 20\
= q9- 99 X
= © 99~ qgx 10
?207-- qq- qq x 3 1
g ~—~ 49- 99
E 51 7 99— 99 i
c
2
2 10 -
g
) /
Q L 7 ]
T ° 7
W e
3 .-
0 -7 1 N "
-4 -3 -2 -1
IN(Tpm )

Moderate effect: few % of X-sct is
beyond cutoff
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