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QCD - is broad

QCD is a rich theory, which
Is only partly understood.

It describes wide ranging
phenomena, from nuclear
matter, to neutron stars to the
properties of the early universe.

Temperature

™

These lectures will focus on
a small window of QCD, that
relevant for collider physics.

Neutron stars

Baryon density

https://gdrqgcd.in2p3.fr/working-group-2/
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QCD has excellent resources

The Black Book of
Quantum Chromodynamics

QCD and
Collider Physics

EE.ELLIS, W L STIKLING
AND B E  WERREE

CAaMBMIROE NDNSGREATMY
DX FARTILE FMYLRCS, HULLIAR FETIND
AND LOSNVOLLDY

John Campbell  Joey Huston  Frank Krauss

1 =g |'ve extensively used these
A rcferences. On nearly every slide!
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Plan for the lectures here.

It's clear | cant cover anywhere near ALL of QCD.
Or indeed even much of subset of QCD with 3 hours, so some decisions had
to be made.
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Plan for the lectures here.

It's clear | cant cover anywhere near ALL of QCD.
Or indeed even much of subset of QCD with 3 hours, so some decisions had

to be made.

| decided to focus on three topics | think are

1) fundamental (and somewhat bespoke) to QCD
2) Important, in that its likely that a collider physicist will come into contact with

the physics at some-point in their career.
3) Sort of hang together as a coherent narrative!
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Plan for the lectures here.

It's clear | cant cover anywhere near ALL of QCD.
Or indeed even much of subset of QCD with 3 hours, so some decisions had

to be made.

| decided to focus on three topics | think are

1) fundamental (and somewhat bespoke) to QCD
2) Important, in that its likely that a collider physicist will come into contact with

the physics at some-point in their career.
3) Sort of hang together as a coherent narrative!

My hope is that these lectures serve as an introduction, and would help you to
tackle more detailed topics covered in the bibles of QCD with confidence! <«
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Outline of the lectures

The main questions Id like these lectures to address are as follows:
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The main questions Id like these lectures to address are as follows:

1) What drives the differences between QCD and QED?
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Outline of the lectures

The main questions Id like these lectures to address are as follows:

1) What drives the differences between QCD and QED?

2) How do we evaluate hadron structure? How can we predict scattering
processes with initial state hadrons?
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Outline of the lectures

The main questions Id like these lectures to address are as follows:

1) What drives the differences between QCD and QED?

2) How do we evaluate hadron structure? How can we predict scattering
processes with initial state hadrons?

3) How can we understand QCD radiation patterns in final states at collider
experiments?
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WHAT DRIVES THE
DIFFERENCES BETWEEN
QCD AND QED?
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A MINI OVERVIEW OF QCD FIELD THEORY



Fundamentals of QCD

QCD is a quantum field theory, which is described by a Lagrangian (density)
with the following form & [+ & + &

classica gauge—fixing ghost

The classical Lagrangian is obtained from the following terms

1 .
gclassical - ZG/I?UGXU + Z qa(l}/ﬂD'M - m)abe
flav

Where g, denotes a spin-1/2 quark field and G;‘y is the field strength tensor

constructed from the gluon field &f‘;‘
A _ A A ABC ~jA 7A
G, = aﬂdy — 61/;27” —gf ﬂydﬂ %,
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CO I O r S U (3 ) gclassical _G/,I?UG:U + % Qa(ly/,t - m)abe

R

G

R

QCD is an SU(3) gauge theory, which means that its constituents belong to
non-trivial representations of the SU(3) group.

Quarks (anti-quarks) g, (g,,) transform in the fundamental (3) (anti- o
fundamental, 3) representation ‘

N
N
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N
N
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Fundamentals of QCD Lo = = GOAG + T =t

flav

Since quarks transform in the fundamental representation we can define the
covariant derivative as follows (D), = 0,0, + ig(tcﬁig)ab

Where t¢ are generator matrices in the fundamental representation of SU(3),

defined by the Lie algebra [¢4, 18] = if*BCtC, and 8¢ define the anti-
symmetric structure constants of the group.

A second, useful representation is the adjoint one, 1, where [T4, TP] = ifABCTC
and (TA)BC — l-fABC
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G I u O n S gclassical _G/,I?UGZU + Z (]a(lVﬂ - m>abqb

flav

A, B, C denote the eight color degrees of freedom of the gluon field

Aside from the group theory indices, the driving difference between QCD and
QED is the final term in the gluon field strength, ngBCﬂAdA this non-abelian
term couples gluons to each other

Gl = 0,51} — 0,9~ gf *Catiat]

This term drives the differences between QCD and QED.
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Fundamentals of QCD

We can then define two Casimir’s of SU(N) by the following relations:

N? -1
2N

AA _ - —
A

And

TeTCTP = ) fABCfABD = €, 6P with Cy = N
A.B

Specifically for QCDN = N. =3 and Cr =4/3 and C, = 3.
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Fundamentals of QCD. Zfabtbc

Key point -

Since we dont observe individually charged color states we always sum over
color in our calculations therefore :

QCD amplitudes are nearly always expressed as polynomials in Cr. and C,
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Gauge fixing (and ghosts)

The other two pieces of the Lagrangian are more field theoretic in nature and
are necessary to define a physical gluon propagator (Gauge fixing) and then
cancel any unphysical modes introduced by the gauge fixing (ghost term).

A common choice for the gauge fixing terms is the following
& = Lo amy
gauge—fixing — 2_/1( U a)

Known as the covariant gauge, setting A = 1 is the Feynman gauge.
This choice requires the inclusion of the following ghost Lagrangian

Z ghost — (0,/7A)T(D5377 B)

Where 77 is a complex scalar which obeys Fermi-Dirac Statistics.

A Y
\
Y
N
A Y
\
o 15 « .
-[é University at Buffalo The State University of New York PR .
/7
4



Feynman rules in covariant gauge - Propagators

B SR prpt i

YR Ty Mg+ -2 |
p*+ie p*+ie

a, i p D, J i
_ 5ab .
77 (y#p, — m + i€);;




Feynman rules - gluon self-interactions Vertices

om BLv
— fABC[(p — q)Gg/w + (q _ ’,.),ugl/a +(r— p)”g"”]

All momentum incoming

B, U
—ig S0 (8" g™ ~ 878"
- ngfXAB J”XCD(g’”“g“(5 — g”gg”’)
Wy, TETTTTETET -8

C, D, 5 ¥
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Feynman rules - gluon Fermion/ghost Vertices

= Ak

—18 (tA)cb(Yﬂ)ji

iy

-(é University at Buffalo The State University of New York




% University at Buffalo The State University of New York

THE STRONG
COUPLING - o




U

Let’s consider a dimensionless observable R which depends on a single scale Q.

Classically we would expect this to be constant, since there is no other scale to
make a dimensionless variable from.

However, in QFT the picture is not so simple. The renormalization of the coupling
dg = gS2/(47r) introduces a second parameter y the renormalization scale at
which the UV divergences are removed.

So R can depend the ratio of scales Qz/,u2 and need not be constant.
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Running of a,

This doesn’t seem to make sense though u is an arbitrary parameter, introduced

as part of the renormalization prescription and not a fundamental parameter of the
QCD Lagrangian.

The renormalized coupling and dependence on the ratio Q2/,u2 must therefore
conspire to ensure that R does not depend on u.

d 0
2 R 2/ 2, o) = 2 | 2

dag 0
d,uz 00{5

R(Q*/p%, ag) = 0
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. 0 L dag 0
Running of a, </ﬂ— + pﬂi;—) R(Q2 /%, ag) = 0

O

We can tidy up the equation by defining the following quantities

0’ 0t
t=In| — and  f(ag) = p*—
p? op?
(Defined at fixed bare coupling)
So that
0 0 t
—— + plag)— | R(e’,a5) =0
0 80(5
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The running coupling «a,(Q?) (‘7* ﬁ(aS>—> R(e',ag) = 0

O

We can solve our equation by introducing the following running coupling aS(QZ)

JGS(QZ) dx
e P
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The running coupling «a,(Q?) (‘7* ,B(aS)—> R(e',aq) = 0

O

We can solve our equation by introducing the following running coupling aS(QZ)

J*OCS(QZ) dx
[ =

as(4?) px)
Differentiating, using the fundamental theorem of calculus we can write

0 (0?) 0a(0?)  lag(0D)

. 2
o Pl and 5 D T fasud)
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The running coupling «a,(Q?) (‘7* ,B(aS)—> R(e',ag) = 0

O

We can solve our equation by introducing the following running coupling aS(QZ)

J*Ols(Qz) dx

as(4?) px)
Differentiating, using the fundamental theorem of calculus we can write

dag(0?) 0ag(Q?) _ Blag(0?))
ot dag(u?)  Plag(u?))

This means that R(l,aS(Qz)) solves our u independence equation,
and all of the scale dependence in R enters through the running of the coupling

as(Qz)- Q\

\
Y
N
A Y
\
o 23 « .
-(é University at Buffalo The State University of New York PR “a
/7
4

= flag(0?) and



The g function.

e e ey

The f function is determined from the renormalization group equation

80{5(/42)
RGE 2 = fla(u?
(RGE) 0*— 0 = Pasu®)
Expanding as a perturbative series we write
- ) n+1
2 ag(p”)
a = — E

-[é University at Buffalo The State University of New York



The S function. pso =-a. 5, (42

O

The first couple of orders in perturbation theory are written as
By = 4rb and B, = 162°bb’ with

11C, — 2n 17C3 — 5Cny — 3Crpny
b = and b’ =
127 27(11C, — 2ny)

This should be contrasted with the beta function from QED

1

2
a e o o
:BQED 3 +

Which is positive
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The g function.

n+1
= (u?)
Blasu?) = —ag ¥ B, <“S )
S S;) 471_

O

The first couple of orders in perturbation theory are written as
By = 4rb and B, = 162°bb’ with

11C, — 2n 17C3 — 5Cny — 3Crpny
b = and b’ =
127 27(11C, — 2ny)

Crucially if np < 17 the f function is negative

This should be contrasted with the beta function from QED

1

2
a e o o
:BQED 3 +

Which is positive

-(é University at Buffalo The State University of New York



. 0 2
The S function. 0’ Oggz) = Alas(u?)

We can gleam more insight into the consequences of this sign difference by deriving a
formula which relates the running coupling to the renormalized one.

O

Our starting point is a perturbative expansion of our differential equation
a055(Q2) ,
0* 0T baz(QH(1 + b'ag(QH) + ...)

Truncating the RHS at lowest order we can solve the resulting differential
equation

o= I + bag(u?)In(Q?/u?)
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11C, — 2n
b= A F

Asymptotic freedom 127

S T baom @)

This equation tells us a lot about the differences between QCD and QED and
how they emerge from the different structures of the theory.

As In Qz/,u2 becomes large (i.e. at very high scales) the coupling is
suppressed and becomes small

This phenomenon is known as asymptotic freedom
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Asymptotic freedom

0.35;

The blue curve shows us

ag(M2) = 0.118 £0.0009 | the total 1-loop running for
a given input aS(Mé)

0.30¢

as(ﬂ 2)
1 + bag(u?)In(Q?/u?)

as(Qz) =
The two other curves show
us what would happen with
gluons only n; — 0 (red)
and quarks only C4 — 0

0.10} (green)

0.05

1 510 50 100 500 1000
Q(GeV)
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as(ﬂ 2)

. 2\ —
Resummation ) = bagan@2/)

Returning to our original observable R, lets expand our theoretical prediction as a
perturbative expansion R = Rjag+ ...
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0‘5(/4 2)

. 2\ —
Resummation as(Q%) = bas(u N0/

Returning to our original observable R, lets expand our theoretical prediction as a
perturbative expansion R = Rjag+ ...

We can write R(l,aS(Qz)) in terms of aS(,uz) using our formula above

2

o J
R(l,aS(Qz)) = R1055(/42) Z <—a5(/42)b In e ) = Rﬂs(ﬂz)(l - as(ﬂz)bt + agz(ﬂz)(bf)z +...)

2
j=0 H
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. N 055(/42)
Resummation as(Q%) = bas(u N0/

Returning to our original observable R, lets expand our theoretical prediction as a
perturbative expansion R = Rjag+ ...

We can write R(l,aS(Qz)) in terms of aS(,uz) using our formula above

00 2
R(1ag(0?) = Riag(u?) Y. <—ag<u2>b In 2

J
—2> = R ag(u*)(1 — ag(u*)bt + ag(u*)(bi)* + ...)
j=0 .
Thus at each order in perturbation theory there are logarithms of QZ/,u2 which get

resummed when we use the running coupling. If the ratio is sizable this can lead to a

significant improvement in theoretical accuracy “for free”. This type of idea is widely
used at the LHC.

Q\
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ALSO A MINI' INTRODUCTION TO
HIGHER ORDER CORRECTIONS IN

QCD...)




QCD in ete™ collisions

As a first example lets look at the QCD equivalent of ete™ — u ™, which is
eTe”™ — hadrons. The Feynman diagram at LO is below.
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The R-ratio

It's nice to compare the ratio of the eTe ™ total hadronic cross section to the muonic

one. At energies below the Z pole, only the photon exchange diagram contributes and
we have:

l I 1 Ll T ! I T T L) T I T T 1 I I T Ll ! T ] I - I T 1 I L T I T ] T 1

¢ Orsay

s 3 ® Frascat ® CELLO ] o(eTe™ — hadrons)
H H & Novosibirsk X JADE R = = 3 Z qu
x - + MARK J s +po— + -
i ° z::: o v PLUTO 0'(6 €= HoH ) q
% CLEO A TASSO —
5 5* } & DHHM
e L f o 1 v | ]
| [k g :
4 L W‘} 1 4 al i H{ 1%/ + +‘§+4‘ ]
?* I ﬁl ++ %-\ ] +| T I'UIT +

-

E : e T [ }T‘ ’ s |

} t u+d+s+tc+b
2 h ]
04 \u+d*s No color
L » -
L
1 I 1 1 1 L ] 1 i L 1 1 l 1 1 1 l L Il | 1 l 1 1 1 1 E 1 1 1 1 l 1 i 1 A
% é 10 l 15 ’ 20 25 30 35 40
0 (GeV) Q
Fig. 113 Ratio R of (11.6) as a function of the total e~e™* center-of-mass energy. (The sharp peaks correspond to the production of narrov \\
1~ resonances just below or near the flavor thresholds.) N
Y
Source : Halzen and Martin “Introductory course in Modern Particle Physics” 32
o
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Experimental results for the R-ratio

- OPAL . nclusive | At the Z pole we can neglect the photon

© Born

:‘25

contributions and write the ratio from the partial
widths

20 -

15 | 2 2
o 3 b ['(Z — hadrons) B 3 Zq (ACI + V‘I )
i Z — —

10 | +,,— 2 2
['(Z - utu) Aﬂ+Vﬂ

5 _
: . TRISTAN | Where Arand V. define the axial and vector
o S ORARDS

9207740 60 30 100 120 140 160 180 200  couplings of the fermion to the Z

sqrt(s) /GeV
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Determining R,

Taking sin’ 0y, = 0.23 as an input and 5 active quark flavors we get R = 11/3 and

R, = 20.00.

Looking at a measurement from LEP we R = 20.79 £ 0.04

On the one hand, that’s quite a good agreement for
such a quick calculation, but on the other, its notably
off. Can we improve it?

Idea : Assume the difference is driven by higher
order corrections, and use these corrections to

calculate a (M)

-(é University at Buffalo The State University of New York
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Higher order corrections to R,

Our aim is now to compute the O(ay) corrections to R,
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Higher order corrections to R,

Our aim is now to compute the O(ay) corrections to R,

Spoiler alert: The QCD corrections are independent of the nature of the
electroweak boson exchanged. We'll make our notation easier and consider only
the corrections to the photon exchange and use this result for the Z case of interest.
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Higher order corrections to R,

Our aim is now to compute the O(ay) corrections to R,

Spoiler alert: The QCD corrections are independent of the nature of the
electroweak boson exchanged. We'll make our notation easier and consider only
the corrections to the photon exchange and use this result for the Z case of interest.

At one-loop there are three diagrams to consider

-[é University at Buffalo The State University of New York



Loop corrections to R,

O
For massless quarks the last two diagrams don’t contribute, so we can look just at the
vertex correction,
/
P .
36 .
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Loop corrections to R,

O

For massless quarks the last two diagrams don’t contribute, so we can look just at the
vertex correction,

+p

Momentum conservation results in one momentum
£, being unconstrained. So we integrate over it.
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Loop corrections to R,

O

For massless quarks the last two diagrams don’t contribute, so we can look just at the
vertex correction,

.+ p

Momentum conservation results in one momentum
£, being unconstrained. So we integrate over it.

Applying the Feynman rules for QCD we’ll find integrals
which looks like

o J d*¢ 1
L) @ot e + p)AE - p))?

And

P " = J " — %,

) @A AE + p)A(¢ - p)>

1
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Loop corrections to R,

Let consider what happens to the integrals for small values of the loop
momentum

iIntegration here too but we can neglect that

R J £3 Where I've used p? = 0, there’s an angular
"
1 /
cAE - p)(Z - p) for our discussion at present.

N
A Y
\
Y
N
A Y
\
.. 37 « .
-(é University at Buffalo The State University of New York Jid “a
/7
4



Loop corrections to R,

Let consider what happens to the integrals for small values of the loop
momentum

R J’ 73 Where I've used p2 = 0, there’s an angular
J e’
1

iIntegration here too but we can neglect that
2 /
XX P for our discussion at present.

This scales like de/x and there is a logarithmic singularity present as £ — 0.
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Loop corrections to R,

Let consider what happens to the integrals for small values of the loop
momentum

iIntegration here too but we can neglect that

R J £3 Where I've used p? = 0, there’s an angular
"
1 /
cAE - p)(Z - p) for our discussion at present.

This scales like de/x and there is a logarithmic singularity present as £ — 0.

In order of having a chance of understanding this infinity we need to regulate this
singularity somehow.

N
A Y
\
Y
N
A Y
\
o 37 =« .
-(é University at Buffalo The State University of New York PR “a
/7
4



Dimensional regularization

The idea is to regulate the integral by making a change of the form

[dx/x — de/x1+€, then the singularity will be represented as a term 1/¢ in our

resulting expressions.
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Dimensional regularization

The idea is to regulate the integral by making a change of the form

[dx/x — de/x”? then the singularity will be represented as a term 1/¢ in our

resulting expressions.

Practically this can be achieved by dimensional regularization in which we move the
number of spacetime directions away from 4 the most common definition being

d=4 - 2e.
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Dimensional regularization

The idea is to regulate the integral by making a change of the form

[dx/x — de/x”ﬂ then the singularity will be represented as a term 1/¢ in our

resulting expressions.

Practically this can be achieved by dimensional regularization in which we move the
number of spacetime directions away from 4 the most common definition being

d=4 - 2e.

Key point : Loop Feynman integrals are commonly expressed as a series in €,

n

with singularities appearing as poles of the form ¢ ". o
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Loop corrections to R,

Getting back to our task at hand we can evaluate our Feynman integrals in d
-dimensions and find that the contribution to the cross section is (up to an overall

normalizing factor which is 1as ¢ — 0)
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Loop corrections to R,

Getting back to our task at hand we can evaluate our Feynman integrals in d
-dimensions and find that the contribution to the cross section is (up to an overall

normalizing factor which is 1as ¢ — 0)

virt 62 €

,C 2 3
697 = 3002 F“S< = —8+7r2+@(€)>

Here o, denotes the lowest order prediction for ete” — ff.
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Loop corrections to R,

Getting back to our task at hand we can evaluate our Feynman integrals in d
-dimensions and find that the contribution to the cross section is (up to an overall

normalizing factor which is 1as ¢ — 0)

CFaS 2 3 5
o4 = 3002 < S = -8+ +@(e)>

Here o, denotes the lowest order prediction for ete” — ff.

Our cross section is badly divergent, and the divergences are not of a UV origin
(i.e. not fixed by renormalization) and also appear to be deeper than we just
reasoned.

What gives?
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Loop corrections to R,

These singularities are associated with low energy limits of the loop
momentum, so we call them Infra-red or IR singularities.

In order to fix the cross section we have to consider other O(ay) corrections

&%

We considered virtual corrections,
where we interfered a one-loop
amplitude with a tree-level one.
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Real corrections to R,

O

We can construct the cut a different way, in which we cut across the gluon line too and
interfere two tree-level amplitudes for ete™ — ¢qg

Mv“

Since the gluon is in the final
state, it can be resolved and we
call these terms real corrections
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Real corrections to R,

M98 —=

There are two diagrams for the amplitude for
et (q)) + e (g,) = g(py) + g(p,) + g(k) shown above.
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Real corrections to R,

M98 —=

There are two diagrams for the amplitude for
e*(qy) + e~ (q) = q(py) +q(py) + g(k) shown above.

Applying the Feynman rules, and summing over spins/pols and colors we find the
spin averaged matrix element squared to be

l | |* = 6Cre? 2 > (Py - q)°+ (- @)+ (P q)* + (py - @)
A F

18s (g1 q2)(py - K)(py - k)
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Real corrections to R,

— | /%| — 6C.e” 2 2(p1 ‘11)2 +(p; 42)2 + (P, - 6]1)2 + (P %)2
— OLF

48s (g1 q2)(py - K)(py - k)

We introduce the variables x; = 2E_/4/s and x, = ZEZ]/\/E.
Inspecting the denominators shows us where the singular regions are.
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Real corrections to R,

102 (DL q)*+ (P @)+ (P gD+ (Py - gn)°
(g1 - )Py - K)(py - k)

We introduce the variables x; = 2E_/4/s and x, = ZEQ/\/E.
Inspecting the denominators shows us where the singular regions are.

p-k= Equ(l — COS Hqg) can vanish when either £, — O or cos Hqg — 1.
Note that both can occur simultaneously.

We call the first a soft singularity (gluon is emitted with very low energy) and the

second a collinear singularity (gluon of any energy emitted parallel to quark (or o
anti-quark)

N
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Real corrections to R,

We can write the cross section in more transparent way using our x; variables

Cr-o

2 2

_ X7+ X

998 = 3 E 2| dox,do, —=— L 2
T A qu T (- - x)

The bounds of integrationare 0 < x; < 1 and x; + x, > 1. We see the
singular points at x; = 1 (collinear) and soft at x; = x, = 1.

Obviously to get a sensible answer we’ll need to regulate the real corrections too. A
smart strategy would be to use the same regulator for the real as we did for the virtual

(loop) corrections. This means we should reevaluate the integrals in d-dimensions.
Q
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2 2
Cra; xXi + x5

Real corrections to R, ot =0 2,0 a2 S

q
O

Shifting to d-dimensions (both in the phase space and in the Dirac traces) we get

_ , dxdx, Cpa, (1 —e)(x?+x3) —2e((1 —x)(1 —x,)) — (1 —x; — x,)))
0448 = 30'()§ QC]‘A (1 — X — x2)€ 2 (1 - x1)1+€(1 _ X2)1+€

I've normalized this by the same factor as the virtual (but suppressed it for readability)
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Cra x? + x3

Real corrections to R, ot =0 2,0 a2 S

q

O

Shifting to d-dimensions (both in the phase space and in the Dirac traces) we get

AT _ 3y Z 2“ dx,dx, Cra, (1 =€) +x3) —2e((1 —x)1 =x,)— (1 —x; —x,)))
(I =x —x)° 27 (1 = xpt*e(l — xp)tte

I've normalized this by the same factor as the virtual (but suppressed it for readability)

This integral can now be performed and the result is

CFaS 2 3 19
948 = 3 —+—+— 47"+ 0(¢
o 002 < S U)

€2 ¢
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O(a,) corrections to the hadronic cross section

We can now combine both type of corrections, real :

_ C 2 3
¥l =30y ) O i <—————8+ﬂ2+@(€)>

€2 ¢



O(a,) corrections to the hadronic cross section

We see that the combined virtual (loop) + real contributions are finite

3 Cra
had __ 2 FYS
6NL0_360§‘QQ<1+2 o >




O(a,) corrections to the hadronic cross section

We see that the combined virtual (loop) + real contributions are finite
3 Cra
had _ 2 i)
o =37 2, €, <1 e >
q

This is no accident, and is a manifestation of the Bloch Nordsieck and Kinoshita Lee
and Nauenberg theorems which state that suitably defined inclusive quantities
(where we integrate over emissions) in QFT are free from IR singularities.
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O(a,) corrections to the hadronic cross section

We see that the combined virtual (loop) + real contributions are finite
3 Cra
had _ 2 i)
o =37 2, €, <1 e >
q

This is no accident, and is a manifestation of the Bloch Nordsieck and Kinoshita Lee
and Nauenberg theorems which state that suitably defined inclusive quantities
(where we integrate over emissions) in QFT are free from IR singularities.

The take home message : The total hadronic cross section is a well defined

and finite quantity in QFT, whereas the exclusive final state o(e e™ — ¢q)
(with no emission) is not Infra-red safe.
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O(a,) corrections to R,

We can now write down an expression for R, (the ratio of the total hadronic cross
section to the muonic one at the Z pole) as

adM
RgLO=RZLO<1+ S( Z)>

T

Where we used Cj = 4/3. Recall that since R-® = 20.09 and we have a

measurement from LEP for R;’Cp we can extract a value of a(M.,) from our
calculation.

¥ ° )

f ¥ N\

1 A Y

g AN

A R AN
/] 4 \
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More comprehensive extractions of ay(M.)

Not bad for a short calculation over a
morning together. Here’s our (lowest
order) extraction and running,
compared to the leading world average
from the Particle Data group (PDG)
(https://pdg.lbl.gov/). The current world
average is

ag(M,) = 0.1179 £ 0.0009
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Lattice QCD vs collider data extractions
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Part 1 summary

The aim of this section has been to introduce you to the fundamentals of QCD,
starting from the definition of the Lagrangian, and ultimately doing our first NLO

calculation to extract aS(MZ), here’s a summary of this part:

« Determined the underlying nature of QCD as an SU(N,) gauge theory, with N. = 3 colors.

* The non-abelian nature of the theory results in self-interactions among the gluons which mediate the
strong force. This is completely different to QED in which the photons do not carry electric charge.

* As a result of the new diagrams which involve gluon loops the f-function of QCD as the opposite
sign from that of QED. This broadly explains the properties of QCD. At high energies the coupling is
reduced, a phenomenon known as asymptotic freedom. This explains how with very high energy
DIS we can scatter off of individual quarks inside of a proton.

« On the other hand at lower energy’'s ~ M the coupling is large (non-perturbative) and QCD

proton

confines the quarks to bound states (baryons eabcq"qch or mesons q,g“) “\
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Part 1 summary

The aim of this section has been to introduce you to the fundamentals of QCD,
starting from the definition of the Lagrangian, and ultimately doing our first NLO

calculation to extract a(M,), here’s a summary of this part:
e At high energies, far away from the scale of hadronization, perturbation theory can be used to
calculate higher order corrections in QCD.

e We performed an example calculation, computing the next-to-leading order corrections to the

production of hadrons at an e*e™ collider.

e \We saw that higher corrections entered in two ways, as loop corrections to the underlying LO

topology ete™ — qq (virtual corrections) and real corrections which involved the emission of a

gluon ete™ — ggg. Both had IR divergences associated with soft and collinear singularities.

 When both types of emission are regulated in the same way, and combined together to make the
total cross section, these singularities cancel.
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