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Soft gluon emission
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soft limit: k& — 0 except in linear terms in denominator
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Soft gluon emission
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universal factorisation property
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Soft factorisation at amplitude squared level

|M(k7p17'°°7pm)|2 — _gs 262 Z S’L] ‘M(z,j)(p17'°'7pm)|2

m+1 momenta K soft ii=1 m momenta

Eikonal factor

colour correlated matrix element:
|M(’L)])(p17 R 7pm)|2 = <M(p17 R 7pm) ‘ T’L ' T] ‘ M(p17 R 7pm)>

— [Mclbzbjcm (p17 * 7pm)] " Tba,;dz T[f;dj Mcl..di...dj...cm (p17 * . 7pm)
m-parton matrix element f

colour correlations
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Collinear singularities

P1
P2
convenient parametrisation of momenta: “Sudakov parametrisation” P collinear direction
k% nt n* light-like auxiliary vector
ppr = zpt+ kY = z = EElE 5 g
Z 2pn 1+ Lg - .
kJ_p — ]CJ_TL = ()
ki nt

ko= (=2 =k 1l —2z 2pin

collinear limit in this parametrisation: £, — (O

1

-k Pyq(2) [ Molp1 + k7p2)|2 Pyq(z) : splitting functions

coll
Mi(pr,k,po)|” S g7
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Collinear singularities

factorisation property of squared amplitudes in the collinear limit:

|Mm

2

1 |2 dq)m

0 .
% 0 — 0

1 — |Mm|2dq)m

e

a, dk? do

2m k% 2m

%

C

note that the phase space also can be factorised in this limit: d®,,,..1 — d®,,, & dPy

this factorisation does not depend on the details of M,
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splitting functions  bokshitzer, Griboy, Lipatoy, Altarelii, Paris

factorisation is universal, only depends on the types of splitting partons

Q - Q/@;%? Paq(2) = Pysqg(2) = CF S

1 — 2

other types:

1+ (1 — 2)?
Pq%gq(z):CF ( )

&

Pyyqq(2) = Tr (27 + (1 = 2)?)

Py ye(2) = Ca (z(l—z) e )
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Jets
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[Figure: Fabio Maltoni]

[6-jet event, Figure: CMS]

Important. infrared safe jet algorithm

soft or collinear radiation should not yield different jet identification
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Jets

considering also a parton shower and hadronisation:

oY R

jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

v W v V [Figure: Gavin Salam]

 jet substructure is taken into account in modern jet analysis

» jet algorithms based on machine learning are increasingly successful

Introduction to QCD Gudrun Heinrich
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Jets

Sterman and Weinberg 1977:

final state is two-jet-like if all but a fraction €

of the total available energy E is contain
in two cones of opening angle o

2-jet cross section:

ed

N2

depends on jet definition, i.e. € and ¢

O'Zjet ~ 0 (1 — 4CF ;—;

In(2¢) In 6

4

: Ino + finite

if 9 is very large, even radiation at relatively large angles will be

clustered into the same jet

if 0 is small, very little extra radiation is permitted in the cone
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Jets

Sterman and Weinberg 1977:

final state is two-jet-like if all but a fraction €

of the total available energy E is contain
in two cones of opening angle o

2-jet cross section:
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N2

depends on jet definition, i.e. € and ¢
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In(2¢) In 6

4
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if 9 is very large, even radiation at relatively large angles will be

clustered into the same jet
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multi-jet events
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Jet algorithms

typically iterative clustering algorithms:

AT

Karlsruhe Institute of Technology

1. start from n particles, for all pairs i and j calculate (p; + pj)2

2.define a jet resolution parameter Ycut ,» Q iIs max. available energy

if min(pi + pj)2 < Vecut Q2 then define a new pseudo-particle

PJ =DPi +Pj ,thisdecreases n —n — 1

3. If n=1: stop, else repeat step 2.

with this algorithm 027" = gy (

| — Cp 22
.

Introduction to QCD
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Jet algorithms

* In above jet algorithm example (JADE-algorithm):
min (p;

cluster into one pseudo-particle if Yij,Jade =

can lead to situations like QM&

soft/collinear radiation should not change number of jets

» examples of better algorithms: (differ by distance measure)

2min(E;, E%)(1 — cos 6;;)

* Durham-kT: cluster if  y;; p =

Introduction to QCD
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Jet algorithms

AT
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Jet rates

1 I I I I ‘ I I I ®
% To
® — I:{2 jet %
0g | & e .
LA e R4 ot
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3-jet rate at different orders
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Event shape observables

» observables which describe the topology of the final state

» particularly useful in e+e- collisions (Q"2 fixed)

* do not depend on jet algorithm/jet measurement

* examples:
thrust, C-parameter, jet broadening, heavy hemisphere mass, ...

for definitions see e.q. arXiv:0711.4711

thrust describes how “pencil-like” (2-jet-like) an event is

Introduction to QCD
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pencil-like

1T — 1

iz |Pi - 7

max =

n D i—1 |Pil

[
rd
! ol
> spherical

1
1T —
2

thrust axis along which T is maximal

S|
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Introduction to QCD

:Cq‘ )
1 a e > q
—> K
q two-jet
thr%
20 -T) |----- IR,
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Thrust

at LO: (with 3 partons)

2(37% — 3T + 2)

In

T(1—T)

21— 1
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strong coupling from event shapes
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Parton distribution functions

consider processes with one proton in initial state:  DIS (deeply inelastic scattering)

e(k) +p(P) — e(k') + X

e (k)
Kinematic variables: s = (P+k)* [cms energy]Q e (k) 7
¢" = k* — K" [momentum transfer] q
Q° = —q° =2MExy ol p(P)
2 —— = -
T= o p scaling variable]
_ T E—F | loss] 2 2
V = 1V — energy loss Q = —q° > 1 GeV
P E’
V=5 Z =1 5 relative energy loss]

20 Introduction to QCD Gudrun Heinrich



DIS cross section A\KIT

cross section g — Z E / AP = Z M|

splns

split into leptonic and hadronic part

dgk, 1 Z : 4
dd = ddx , =y |M]?P=_—L*"H
3 / ? 4 737
(27‘(’) 2F 4 spins Q/ \

leptonic  hadronic

1
define W,, = o Z / dPx H,,, W, can only depend on P* g"

y P - P - Wa(z, Q7
Ansatz: W (P,q) = (_guv - )Wl(x,Q2>+(Pu—qu qzq) (p,,_q,, 2q> 2 )

Introduction to QCD Gudrun Heinrich
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DIS structure functions

2
leads to a’o

dedy  yQ?

2

_ o
yle(w,Q2)+( xy Y

M2

QQ

AT
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) Wa(z, Q?)

W;(x, Qz) dimensionless functions of scaling variable x and momentum transfer

scaling limit: Q% — oo, = fixed

then M?/Q* — 0, rename W7 — —F;, Wy — 5

d?o Ao

dedy  yQ?

(1+(1- y)z)Fl

Iy, Fo : structure functions

1y

|
L

Introduction to QCD

(F2 — 2xF1)
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DIS structure functions

In the scaling limit:
Fy(z, Q%) — Fy(x) independent of (Q?
Fs(x) = 2x F1(x) Callan-Gross relation

characteristic for scattering at point-like spin-1/2 particles

observation: scaling violations at small x

Proton Structure energy

low

iImage source: Utrecht University

23 Introduction to QCD
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proton structure in the parton model

parton model picture: photon scatters off one quark

quark carries momentum fraction & of proton momentum, p* = £P*

e(k) +qs(p) = e(kK) + a5 (P)

for elastic photon-quark scattering:

p°=p'*=(p

q)° = p°

= Q°=2P-q =¢=

partonic cross section:

1 1
= — [ d®y = S [MP?
& 2§/ 2 M|

spins

26P-q— Q7
2

@ .
2P -q

Introduction to QCD
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proton structure in the parton model

1 74 174 174 174
Quv = 5T p7" Y] = ptp” +p'p* — g*p -’

= L"Q,, = 2(8° + 4°) i=p—k)2=-2p-kK &§=(p+k)?

1 2 6364 U 2 4 §2 2
:>Z§:|M| — Q4L Quv = 2eze Q4(1—|—(1—y))
spins

: d°k’ d4pl /2 4 ¢(4) / /

phase space: d®, = 2n)30E (2m)3 o(p'*) 2m)* oM (k+p— K —p)
dp E' T do

_ T 56— ) = dy dz §(& —
o A dE alcosHC22 6(& — x) (472 ydrd(& — x)

Introduction to QCD
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proton structure in the parton model

d?6 A7 o

dedy  yQ?

1

1+ (1-9)?] Se2o(¢ — )

comparison with expression for structure functions

d? dra? | 1 — '
d:l:gy — yﬂgz (1-|—(1—y)2)F1 | y(Fz —2£CF1)

L

leads to: ﬁ’l (g;) ~ egd(g — x) F5 — 2xF; = ( Callan-Gross relation
derived from first principles!

interpretation: a quark constituent of the proton with momentum fraction & = x

takes part in the hard scattering

26 Introduction to QCD Gudrun Heinrich



parton distribution functions

1
we can infer F2($):Z/ d€ f; (&) ase O(x —¢§ —xZe
— Jo

fi(&) denotes the probability that a parton (4,7, g) with flavour i

carries a momentum fraction of the proton between & and & + d&

fi (f) . parton distribution functions (PDFs)

AT

Karlsruhe Institute of Technology

PDFs are fitted from data, but their energy scale dependence is calculable in perturbation theory

27
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parton distribution functions

Karlsruhe Institut

d%6

hadronic cross section: 4’ — /1 d_€ Zf(f)
| dzdQ? J, ¢ 7; > dr dQ?

factorisation into a convolution of partonic cross section and PDFs

1
) d

P short distance

oooooooooooooooooooooooooooooooo
-

p_

long distance '\

Introduction to QCD

def. convolution:
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parton distribution functions

In the naive parton model:

Fy(x) =22 F (x Z/ d€ f; (& xe O(x — ¢ —xZezzfz

= F7x) = 2|5 (u(@) +a(@) + ; (dz) + d(x)):

define valence and sea quarks by

u(z) = w{(m) + 7?;(ﬂf) , d(r) = dy(x) +d(2)

valence quark sea quark

valence quarks define the quantum numbers of the nucleon e.g. proton: uud, charge=+1
1 1 1
"sum rules”: / dr u,(x) =2, / ded,(r) =1, / dr (s(x) — s(x)) =0
0 0 0

Introduction to QCD Gudrun Heinrich
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sea quarks and gluons

are more important at

e small X

e large Q2

0.9

1 lllllll]

. NNPDF3.0 (NNLO) :
] xt(x,u2=10 GeV?) :

1 1 llllll] I U

0.8}
0.7

0.6/

0.5

0.4f

0.2

0.3f

o.1/ LN
0 | | | llllll | | | llllll
10°° 1072 107" 1

X

1

0.9

0

O.Bf
0.7]
0.65
0.5
0.4}
0.32
0.25

0.1F

parton distribution functions (PDFs)

[ Tllllll

g/10

| llllllll

1 1 Illlll]

[ N —

xf(x,u2=10" GeV?):

107° 1072

10™ 1
X
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1
note: quarks carry only about 50% of the proton momentum Z/ dr x q;(x) + g;(x)] ~ 0.5
—~ Jo
1

the rest is carried by gluons

Introduction to QCD

Gudrun Heinrich



31

back to IR singularities

consider parton splitting in the initial state:

as dE d6 Ol 1. 1
Ohtq(p) =~ op(xp) 2CF — > op(xp) CF? dz (1—2x) . dki (ki) 1

virtual corrections:

(X g —1—¢ —1—e€
B Q ohyy = —0p(p) Cp—da (1 —2) " " dk7 (k)™

T

cancellation for  — 1 (soft limit)  but what about there collinear limit?

Introduction to QCD
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Initial state singularities

Q2
@S — | —€ — 1 —€
Ohtg T Oh+V = CF? d/fi (/fi) eda (1 —x) : on(zp) — on(p)]
0 —
finite

uncanceled collinear singularity

however behaviour is universal, does not depend on details of O,

procedure: absorb singularities into "bare” parton densities at some scale (4 f

(similar to renormalisation)

M f Is called factorisation scale

Introduction to QCD Gudrun Heinrich
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example structure functions

FQ’Q(.CE) — Z egaz
- i

splitting of a gluon into a
qguark-antiquark pair

Introduction to QCD
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Initial state singularities

from parton level to hadron level:

Fs 4(x, Q%) =z Z egi

define physical PDF by

replace fz.(o) () , expand to order o

L de

Fog(#,Q?) =232 —fi(f,u?e){ﬂl

v &

L d
R

fz(gnu?‘) FZ,?Z(

x) | as(:u"“)

X
E)anurhu’f)

Introduction to QCD

Pq—>qg (Z) (Cg o KQQ)
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o[ $100 (- (2) e (2) 1 (2)

bare parton distribution functions

now dependence on Iy

Gudrun Heinrich
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factorisation of initial state singularities
1
d A
Fao@ @) =23 | GHEH) Fai( 5@y

use convolution f®, g z/ 5§f(€) (?)

2
}72,q(3j Qz —SL‘ZB fz U f ®mF27,(:u"r‘7) t—ln—
%

left side is a physical quantity, should not depend on U f

—> Wwe can derive a “renormalisation group equation” which determines
how the PDFs evolve with the energy scale

Introduction to QCD
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PDF evolution

this is best done in Mellin space (convolution turns into simple product)
1
Mellin transform: f(IN) = / dx "~ f(x) (IV=>1)
0
factorisation equation in Mellin space:
FZaQ(N7 Qz) — & Z egi fZ(Na :u?”) FZ,’i(Nv Hr t)

d
we must have F2,q(N7 Qz) —

dyiy

consider just one quark flavour ? — ¢

A dfq( nuf) dF2 (N t)
Fy ,(N,t - £ (N, 1 4 =
— Q,Q( ) ) dllzf fQ( 7l'Lf) du?“ 0

Introduction to QCD

AT

Karlsruhe Institute of Technology

Gudrun Heinrich



37

PDF evolution

A dfq( nuf) dF2 (N t)
F2,Q(N7t) 2 | fQ(Nnu?”) A 2 — =
dﬂf dﬂf

divide by f, F»

anomalous dimension

Introduction to QCD

e of Technology
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PDF evolution

back from Mellin space to x-space:

DGLAP evolution equation
(Dokshitzer, Gribov, Lipatov, Altarelli, Parisi)

N3LO partially:

Qs (0) s\ 2 (1) s\ ° - (2) 4y 2308.07958, 2307.04158,
i/0; (T, s) = o~ Py (x) + (_> P () + (g) Pij” (@) +O(es) 530007503 2111.15561

LO (1974) NLO (1980) NNLO (2004, Moch, Vermaseren Vogt)

the equation above holds for a single quark flavour or a non-singlet flavour combination
Gos = Jo: — 4,
In general it Is a matrix equation

38 Introduction to QCD Gudrun Heinrich



ST

DGLAP evolution —S\EE

G (rey ) =2 [ (3 Z?/qq o) 1%75(? wen ) (7))

d5,45

pictorially, to 1st order in (g

d fq(zt) 4 B /1 dz o Pgq(z) 4 N /1 dz o, Py,(z) 4
dlog(t/p?) g v 22T fi(a)zt) % e 22T fy(x/zt) §
d  foet) g _22"”5 /1 dz o P_‘Cé . /1 dza, Pl
dlog(t/u?) g e 22T fy(a/z) v 22T f(z)zt) d\\g

Introduction to QCD Gudrun Heinrich
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PDF fitting machinery

AT
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EXPERIMENTAL DATA

STATISTICAL FRAMEWORK
PARAMETRISATION, ERROR CUMMON INTERFACE FUR

PROPAGATION, MINIMISATION... GLUBAL FIT USERS (LHAPDF)

A. Buckley et al

EPJC75 (2015)
THEORETICAL CALCULATIONS .
PDF sets by various groups

IN HOUSE BITS: EXTERNAL BITS:

 NNLO DGLAP EVOLUTION * FAST INTERFACE:

- DIS STRUCTURE FUNCTIONS APPLGRID FASTNLO,...

- INCLUSIVE DRELL-YAN * NNLO K-FACTORS, EW K-FACTORS : :

extension of a figure by
Maria Ubiali (NNPDF coll.)
Introduction to QCD Gudrun Heinrich



PDF sets
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available on GitLab

(or cernweb, hepforge, ...)

reducing PDF uncertainties
IS very important!

Gudrun Heinrich



AT

Karlsruhe Institute of Technology

Higgs production in gluon fusion

uncertainty budget Dulat, Lazopoulos, Mistlberger 18

_] | | | I | | | I | | | | I | ] | | | ]_‘

- -
12
— —

— o
10
— —

8 : O(PDF+as) :
B —l 2 L T

6~ 6(1/my) - Czakon, Harlander, Klappert, Niggetiedt ‘20

-
4_ ' — -
-

_ 5(PDF-TH) \
2 - _

i 5(scale) | mismatch between PDF (NNLO) and ME (N3LO)
o- | partly addressed by McGowan et al. 2207.04739
0 20 40 60 80 100

Collider Energy / TeV

reduced substantially
Bechetti et al '20, '21, Bonetti et al ‘18, 20, ‘22
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Scale uncertainties: Drell-Yan (Z-production)

1L
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o
©
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io to MSHT20 NNLO

1.08 -
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T

Neumann, Campbell 2207.07056
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= —_—
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| — |
m | l
C—
——| MSHT20 aN3LO MSHT20 NNLO |—| NNPDF40 NNLO
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-
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McGowan, Cridge,
Harland-Lang, Thorne
2207.04739

(approximate) N3LO PDFs introduce shape change!

Introduction to QCD
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looking into history
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from PDF determination "wishlist” 2013 [S.Forte, G.Watt, 1301.6754]
» The parametrisation should be sufficiently general and unbiased huge Progress
e.g. new approach based on deep learning  [e.g. S.Carrazza et al. "19] In items 1-4
 The experimental uncertainties should be understood and carefully propagated also:
LHAPDF6: metadata ErrorType, ErrorConfLevel [A.Buckley et al. 14] aN3LO PDFs
* PDFs including electroweak corrections will have to be constructed 2306.15294, 2207.04739

QED corrections done (see next slide)

* The strong coupling, in addition to being determined simultaneously with PDFs,
should also be decoupled from the PDF determination

available, see e.g. PDF4LHC15 J. Butterworth et al. ‘15

* The treatment of heavy quarks will have to include mass-suppressed terms
in progress, see e.g. Blumlein, Moch et al. ; NNPDF charm study (Nature article)
* An estimate of theoretical uncertainties should be performed together with PDF sets

in progress, see e.q. McGowan, Cridge, Harland-Lang, Thorne 2207.04739
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looking into history

from PDF determination "wishlist” 2013 [S.Forte, G.Watt, 1301.6754]

e The parametrisation should be sufficiently general and unbiased

e.g. new approach based on deep learning [e.g. S.Carrazza et al. '"19]

* The experimental uncertainties should be understood and carefully propagated

LHAPDF6: metadata ErrorType, ErrorConfLevel [A.Buckley et al. 14]

 PDFs including electroweak corrections will have to be constructed

QED corrections done (see next slide)

* The strong coupling, in addition to being determined simultaneously with PDFs,
should also be decoupled from the PDF determination

available, see e.g. PDF4LHC15 J. Butterworth et al. ‘15

* The treatment of heavy quarks will have to include mass-suppressed terms
in progress, see e.g. Blumlein, Moch et al. ; NNPDF charm study (Nature article)
* An estimate of theoretical uncertainties should be performed together with PDF sets

in progress, see e.q. McGowan, Cridge, Harland-Lang, Thorne 2207.04739

Introduction to QCD

AT

Karlsruhe Institute of Technology

huge progress

In items 1-4
also:
aN3LO PDFs

2306.156294, 2207.04739

new: “SMEFT PDF sets”

how to avoid absorbing

new physics effects
in PDF fits?

see e.q. 2307.10370

Gudrun Heinrich
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PDF development (incl. QED corrections)

2016
NNPDF3.0QED
2016
LUXqed16
2015
2017
CT"'qud LUXqed17
A 2017
2004 2013 NNPDF3.1luxQED
MRST2004 NNPDF2.3QED A 2019
MMHT2015¢ged
® Model based l l
Data based 2017 2018 2021 2022
@ Theory based xFitter MMHT NNPDF4.0 MSHT20aN3LO

extended from S.Carrazza, E.Villa et al, 1909.10547
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hadron-hadron collisions

» same principle: absorb poles due to initial state collinear radiation into bare parton densities

UNLO ——/ do — das —|—/ dov -1 /dos
- - G: -
m-+1 m N S

numerically analytically | ._qg

numerically

* at NLO, "IR subtraction” procedure is automated; two main schemes:

» Catani-Seymour (CS) dipole subtraction Catani, Seymour ‘96 (momentum mappings)

* Frixione-Kunszt-Signer (FKS) subtraction FKS ‘95 (partition of phase space according to IR singular regions)

Introduction to QCD Gudrun Heinrich
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automated IR subtraction

various schemes are used in NLO-capable Monte-Carlo programs, e.g.
Sherpa, Dire, Herwig7: CS
MadGraph5 aMC@NLO, Powheg, Whizard: FKS

further:

Vincia: antenna subtraction
[P. Skands et al.]

Geneva: n-jettiness, qT (builds on resummation in resolution parameter, extension to NNLO)
[S. Alioli et al.]

... very incomplete list!
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ST

parton shower idea in a nutshell R
as [Tt dpp [T b
P= o /pT,mm P /zmm P 2)

probability to emit a parton with pr € [PT.min , PT.maz] and energy fraction z of parent

consider successive emissions, ordering variable not necessarily PT (call it t)

— Sudakov form factor A

Ai(t,t)—exp / dt/ dz P (

]E q g min
survival probability for a parton not to N
undergo a branching between t' and t

Introduction to QCD Gudrun Heinrich

ME




AT

Karlsruhe Institute of Technology

Accuracy
Precision

Parton shower developments

1990 1995 2000 2005 2010 2015 2018 2022

1985

Stefan H6che
DESY Theory workshop 2022

Gudrun Heinrich
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Parton shower developments

AT

Karlsruhe Institute of Technology

» Lots of activity in parton shower development ...

> Logarithmic precision [PanScales,Herwig,Sherpa,...]
» Higher-order kernels [vincia,Sherpa,Herwig,...]
» Interplay w/ NNLL [PanScales,...]

» ... and matching to fixed-order calculations

» Improvements at NLO [Herwig,Pythia,Sherpa,...]
» Resummation based [Geneva, MINNLOps]
» Fully differential [Vincia,UN*LOPS, TOMTE!

» Still, many questions remain [Campbell et al.] arXiv:2203.11110

» Systematic treatment of kinematic edge effects
» Massive quark production & evolution

» Interplay with hadronization Stefan Hoéche
> DESY Theory workshop 2022
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NNLO building blocks

fvm:mcm“@vﬂmﬁmﬁm'
. . 0" 0000000000

example 2-jet production 3
(gluon channel) %C’O’W OO0
~VO0000000000000000000

double real

v

implicit IR poles
(phase space integration)

bottlenecks: IR subtraction

51

"O00EO0T0GUT00000000

C‘)l
- | c-
- Q'
o

-

~0000 C—():‘L 00000 %WT 000000000 ™
|-loop virtual
® single real

v

explicit and implicit poles

Introduction to QCD
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0000000

”WY‘TOWO—O-O.O

C

Q 03

O' C
O|
C)l
-
-

)00000°

2-loop virtual

v

explicit poles 1/€** (D = 4 — 2¢)

(multi)-loop integrals
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NNLO building blocks

fziaiz:m':mﬁ@“m'\mﬂt%m ‘ ~000QP00 OO@OO 0000000 ' 00@56”635?—‘@—0‘0—0— 0000000

AT
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- | - | C
- O -
. . 0" 0000000000 = = - g
example 2-jet production S % S OUO000000" g 3 3
(gluon channel) %C'O'OWCO'O—\ S S = =
~000000000000000000000 RO igm‘ 000000000 QL 0000
double real |-loop virtual 2-loop virtual

® single real

v v v

( phaér;‘i'é‘ilﬁn‘i‘;ge; io Pt and implicit poles explicit poles 1/¢2F (D = 4 — 2¢)
bottlenecks: IR subtraction (multi)-loop integrals
current frontiers: +NNLO automation » 2 loops, 4 legs with several mass scales
*N3LO coloured * 2 loops, S legs

* more than 2 loops
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Summary

@ The universal infrared properties of QCD are important to

@ factorise and cancel/subtract poles in fixed order calculations
@ come up with well-defined observables (e.g. jets, event shapes)
®@ derive the evolution of parton densities with energy

@ construct parton showers

Introduction to QCD
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The Standard Model is great,
but a lot is still to be discovered

New Ideas wanted,
the future is yours!

All you've done is chisel all day! Do something useful,
like helping your brother drag those rocks up the hill.

{‘

@ Mongor W S anmis
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Appendix

Introduction to QCD
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Colour basis for matrix elements

convenient notation for amplitudes with m partons:
[Catani, Seymour "96; Catani, Grazzini '00]

label colour matrices such that it is clear which parton emitted a gluon

introduce abstract basis in colour space  {|c1...¢p,)} with

Mcl...cm (p17 SR 7pm) = <Cl I Cm|M(p17 S 7pm)>

such that |M(p17 S 7pm)|2 — <M(p17 SN 7pm) |M(p17 SN 7pm)>

define colour charge operator for emission of a gluon from parton / by

- bi, e oo bm> — 5a1b1 Ta . 5ambm

Introduction to QCD

AT

Karlsruhe Institute of Technology
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Colour basis for matrix elements

<CL1,...,CLZ',...,CLm,CL‘TZ"bl,...,bi,...,bm> —50,1()1 Ta 5ambm

if emitting particle is a quark: 1. b — Zzb a;,b; € {1,2,3}

antiquark: Ty o = —ty.q aib; €{1,2,3}

gluon: Tbc — ifabc a, b7 C © {17 JRIRE 8}

universal behaviour in the soft limit:

(@ |M(E,p1,...,Pm)) = gs we" (k) J, (k) [ M(p1,...,Pm))

Dt
— Z T, — .. softgluon current
i—1 D

Introduction to QCD

AT

e of Technology

Gudrun Heinrich



