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Joey Huston

Belowis  pictreofthe ATLAS experiment st CERN.

trck of th diy progress of e stallton,click

. 4w Siclng

K. Hatkcyama, . Huston, . Loch, M. Tosmcsmamn
Paricl and Nocler Phyics
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Daniel de Florian
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Nigel Glover

M.E. Tejeda-Yeomans

Venuehre Contactus  Felowlogin B Search O

THE ROYAL SOCIETY

Home Fellows Events Grants, Schemes & Awards ~ Topics & policy Journals ~ Collections ~ About us

« Fellows Directory

Nigel Glover
Biography

Nigel Glover conducts research on the phenomenology of particle physics — the application of theoretical physics to making
precise predictions for particle physics experiments. His calculations based on quantum chromodynamics — the theory of the
strong nuclear force — are particularly important to measurements made at the Large Hadron Collider. Such measurements
are providing insights into the fundamental nature of matter.

Calculations in quantum theory relating to complex systems often require perturbative methods — adding corrections to a
well-understood simpler model. Nigel has been especially innovative in developing new techniques to enable more precise
calculations, such as second-order corrections to scattering cross sections — a measure of the likelihood of deflection of a
beam of particles from a target.

Ry

Nigel is a past recipient of a Royal Society Wolfson Research Merit Award. His research career has included positions at two
major international accelerator laboratories — CERN in Europe and Fermilab in the United States. Nigel currently holds a

HiggsTools.
Elected: 4 Hide full biography
2013
Contact Interests and expertise
ORCI 10000-0002-0173-4175

Subject groups
Astronomy an

- Elementary particle physics

Keywords
Electioweak interaction, Elementary particles, Higgs bosons, Particle accelerators, Quantum chromodynamics, Quarks
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Nigel Glover

v f}} HiggsTools

higgstools
I N I N S N

About About

¥ Patrers This is the web site of HiggsTools, an Inal Training Network (ITN) supported by the 7th Framework Programme of the European Commission.
« Objectves of the Training Programme «

o Objectves of the Research Programme e netok conrect between the st January 2014 with
. e uration of 48 monihs.

o Senior Scientists Partners

HiggsTools consists of 10 Full Partners and 10 Associated Partners from European Universities and Research Instiutes, one Intemational
Organisation (CERN), and 4 Associated Partners from the private sector.

Objectives of the Training Programme

The main goal of the project s to provide excellent niial training to young researchers in the field of high energy partcle physics, paving the
foad for new discoveries about the fundamental nature of the Universe at a time when new discoveries are expected, and when the new
Standard Model of Particle Physics is going to be forged.

Objectives of the Research Programme

The research goal of HiggsTools is the investigation of elecroweak symmetry breaking. This question lies at the very frontier of knowledge of

theoretical particie physics and phenomenology and, in fact, the primary goal of the Large Hadron Colider (LHC) at CERN is to unveil the.

mechanism of electroweak symmery breaking.

During the period of the network it is certain that the mechanism of electroweak symmetry breaking will be further decoded and that the

theoretical ideas that date back to 1964 wileither ppl 1gh the discovery h:

contribute to it the LHC have already in answering this question, by discovering a particee

thatis looking more and more ke a Higgs boson. It remains an open question, however, whether this is the Higgs boson of the Standard Model

of particle physics, or possibly the lightest of several bosons predicted in some theories that go beyond the Standard Model. Finding the answer
@ time. the Higgs studies at the LHC wil either carve our present understanding of electroweak

interactions in stone or will be the beginning of a theretical revolution.

Positions

of 21 early Il be in the network for d therefore
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George Sterman
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These three lectures following:

e Introduction to QCD by Michelangelo L. Mangano (CERN,
TH Division, Geneva, Switzerland)

e CTEQ web page
http://www.physics.smu.edu/scalise/cteq/: lectures,
handbook, pdfs

| am using a Beamer Theme FLIP 2012 by Flip Tanedo
(distributed under the LaTeX Project Public License and under

the GNU Public License)
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3 lectures: three quarks for Muster Mark!

Lecture 1:
e QCD at the LHC

e Gauge invariance and Feynman rules for QCD
Lecture 2:

e Renormalization and running o

e pQCD in eTe -collisions: from partons to hadrons, jets, shape
variables

Lecture 3:

* pQCD in lepton-hadron collisions: DIS and parton evolution
e pQCD at the LHC

\/ Overlap with other lectures is unavoidable.
\/ As with other things in life, the U and everything:

overlap is good :)
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Status of pQCD

It is now carved in stone

Tests of QCD dynamics at ete™ colliders, S. Kluth
Rept.Prog.Phys.69:1771-1846 (2006) arXiv:hep-ex/0603011

PDG pdg.1bl.gov

e QCD: Nature favours SU(3) gauge theory
® agcp running from all sorts of expmts and E scales

2.5 C T T T T T 05
Combined result **°
| Q)
*
5 SUB3) QCD ] odl
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',»' OPAL Nu
g \DELI’HI FF
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C o 03}
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01}
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C

April 2012
v T decays (N3LO)

a DIS jets (NLO)

o Heavy Quarkonia (NLO)

o €' jets & shapes (res. NNLO)
® Z pole fit (N°LO)

pp —> jets (NLO)

=QCD (M) =0.1184+0.0007

10 QGeV] 100
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Why do we keep QCDing?

Physics@Colliders
cannot be done with quantitative seriousness
without pQCD beyond LO
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QCD at the LHC
&

Initial State:
Parton Distribution
Functions (PDFs)
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QCD at the LHC

éa%% hadrong

Partonic
Hard Cross-Sections
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QCD at the LHC
%z,

Parton Showers and
Realistic Final States
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QCD at the LHC

Jet reconstruction
and substructure i I

sy
D oxped _
b.p s v
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Why do we keep QCDing?

Physics@Colliders
cannot be done with quantitative seriousness
without pQCD beyond LO
but also
QCD is at the heart of everything!
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QCD, QCD-style, QCD-ish, QCD-related

lattice

duality

loops,
legs — €
structure

effective

nrQCD .
theories
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Yes, it is also on Sheldon’s white boards

i .
Crs e
b’
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And in card games
http://www.jicfus.jp/en/promotion/pr/quark-card-dealer/

QuarkCardDedler  How To PLAY. &
PART 1: BARYON [EsSere  meswonices

WE'RE GOING TO COMBINE
THREE QUARK CARDS INTO,
A “BARYON"!

WELL, THANKS
FOR THE CARDS!

SO THESE ARE

FIRST OF ALL, GET <
THE QUARK

FIVE QUARK CARDS
EACH AT THE
RECEPTION!

STRANGE KUN

HEY, HOLD
ON! AREN'T
YOU GOING

RIGHT, WE'VE ALL GOT]|
THE SAME AMOUNT.

TO PLAY
WITH THEM!?

CAN | PICK "\ WHEN YOU'RE DONE, GO
ANY PICTURE #’ | ASK THE DEALER TO
a I WANT? Wkl CHECK THEM.

A QUARK IS AN ELEMENTARY PARTICLE, WHICH IS TO
SAY, THE SMALLEST UNIT OF MATTER THAT CANNOT
BE DIVIDED UP ANYMOR

ABARYONIS A COMPDSITE PARTICLE MADE UP OF
THREE QUARKS. YOU KNOW THE ATOMIC NUCLEUS AT
THE CENTER OF AN ATOM. BARYONS SUCH AS PROTONS
AND NEUTRONS TOGETHER MAKE UP A NUCLEUS.

3 QUARKS o
L e BARYON

| SEE. SO THAT'S HOW WE
GET A BARYON OUT OF
THREE QUARK CARDS.

Wora = BY COLOR, | MEAN THE AWW... | DONT
THESE DON'T MAKE A BARYON! JZAaRT ] THREE PRIMARY COLORS A || Have A

M.E. Tejeda-Yeomans

SURE! YOU CAN CHOO@E .IUS'I
ABOUT ANY TRIPLE, WHETHER

THE OTHER WAY ARQUND. BUT
REMEMBER, THE TOTAL NUMBER
OF CARDS MUST BE THREE!
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Quantum Chromodynamics (QCD)

e Theory of strong interactions.

e Formulated in terms of elementary fields (quarks and gluons),
whose interactions obey the principles of a relativistic QFT,
with a non-abelian gauge invariance SU(3).

e Emergence of QCD as theory of strong interactions could be
reviewed historically, analyzing the various experimental data

and the theoretical ideas available in the years 1960 - 1973
Personally recommend:

M.E. Tejeda-Yeomans elena.tejeda@fisica.uson.mx /Iniciacién a la QCD



QCD today

huge set of subjects describes/feeds from huge sets of data
structure/distribution functions
deep-inelastic scattering (DIS)
sum rules, polarized DIS
small x physics (hard pomerons, diffraction)
LEP, LHC, RHIC,...
Still relevant to ask
e What are the fundamental notions of QCD?
e What are its fundamental applications?

e Do we get to learn from QCD via QED or do we learn from
dual theories?
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3 lectures, a lifetime

do until (observable is well described)

> start somewhere(else) in the theory
> get basic tools to calculate (new)observables

> look at (new)data and compare

enddo
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3 lectures, a lifetime
[pQCD: Feynman diag + reg/ren]

do until (observable is well described)
> start somewhere(else) in the

> get basic tools to calculate [NEHSIPNeYEIaiEINEE
> look at [EETEATPEERA-WE:T e Mele)iof-b e

enddo )
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Start somewhere

Imagine we know all about how

hadrons are made of quarks

quarks are spin-1/2, colour-triplet fermions

quarks interact by exchange of an octet of spin-1 gluons
running couplings: interaction strength not constant

asymptotic freedom/confinement: quarks are free within
hadron scale and not beyond

familiarity with the fundamental ideas and formalism of QED:
Feynman rules, renormalization, gauge invariance

M.E. Tejeda-Yeomans elena.tejeda@fisica.uson.mx [Iniciacion a la QCD %



Feynman rules for QED

Obtained from the Lagrangian:

£ = (0~ m) — e — L Fu P, (1)

where 1) is the electron field, of mass m and coupling constant e,
and F,, is the electromagnetic field strength.

F,Lu/ - a,u,AZ/ - aI/Ap,' (2)

M.E. Tejeda-Yeomans elena.tejeda@fisica.uson.mx /Iniciacion a la QCD



Feynman rules for QED

The resulting Feynman rules are summarized

B I . pt+m (3)

i Cp—m+ie  p2—m?+ic
ANNANNN- = —ipfi”ie (Feynman gauge) (4)
= —iey,Q (5)

Q@ = —1 for the electron Q = 2/3 for the u quark, etc.

M.E. Tejeda-Yeomans elena.tejeda@fisica.uson.mx Iniciacion a la QCD



A basic QED process

ete™ — v (for simplicity we shall always asume m = 0)

em —m M\ NN\~ k17‘ll ——

=D, + D, (6)

et ~——— NN\ ko, v B

M.E. Tejeda-Yeomans elena.tejeda@fisica.uson.mx Iniciacion a la QCD



A basic QED process

The total probability amplitude M., is given by:

_MV

o2 D; + D,

= V) ula) + W@ (o)
= M )

Gauge invariance

Demands that
ey 0" M, = eﬁ‘@”./\/l,“, =0

M, = M, €5 current that couples to the photon k;.

M.E. Tejeda-Yeomans elena.tejeda®fisica.uson.mx /Iniciacién a la QCD



A basic QED process: gauge invariance
Charge conservation requires 9, M" = 0:
9, M" :0:>/80M°d3x:/v-/\7ld3x: Mdx. =0
S—o0
(9)
In momentum space, this means
kM, =0. (10)
i.e. theory is invariant if €,(k) — €,(k) + f(k)k,,.

This is the standard Abelian gauge invariance associated to the
vector potential transformations:

Au(x) — Au() + B, F(x) (11)

M.E. Tejeda-Yeomans elena.tejeda@fisica.uson.mx /Iniciacion a la QCD



&d gauge invariant.

N2 Dirac equation
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A basic QED process: gauge invariance

e M., is gauge invariant.

e D; and D, are NOT individually gauge invariant.

e Gauge invariance realisation independent of ¢, choice

* So M., is gauge invariant even for non-transverse photons.

Homework: check that M., is indeed gauge invariant.
Use gu(q) = v(q)g = 0 from the Dirac equation

keaMu = V(q)f (Kl a)u(q)

g kl
+v(q )(Kl—q) ¢2U( )
—v(q )%zU(q)+ ( )¢2U( ) =

M.E. Tejeda-Yeomans elena.tejeda@fisica.uson.mx Iniciacién a la QCD



From Abelian to Non-Abelian gauge invariance

\/ generalize QED to a theory where electrons’ carry a non
Abelian charge: 'colour’

— transform under a non trivial representation R of a
non-Abelian group G (typically SU(N) type)

Splash of GT

Current operator belongs to the product R ® R. The only rep that belongs

to R® R for any R is the adjoint rep. So field that couples to colour current
must transform as the adjoint rep of the group G.

Generalization of photon field to non-Abelian symmetry is a set
of vectors fields transforming under the adjoint of G

M.E. Tejeda-Yeomans elena.tejeda@fisica.uson.mx [Iniciacion a la QCD



From Abelian to Non-Abelian gauge invariance
Simplest generalization of the coupling to fermions takes the

form:
a, i

= g N Vmn (13)

i\n k., m
matrices A* algebra of the group on the rep R:
[X%, A\P] = if?be e (14)

characterized by a unique set of structure constants f2°¢
Quark (g) fermion fields in R
Gluons (g) vector fields couple to the quark colour current

M.E. Tejeda-Yeomans elena.tejeda@fisica.uson.mx Iniciacién a la QCD



Non-Abelian version of eTe™ — 7
Is gg — gg annihilation. Which diagrams?

g ———(THWHT ko, *2@
g ——"TI koo v ———

Amplitude can be evaluated using A\ matrices in Eq. (6):

i i
?MV — EMg = (\°A?);D1 + (\°AP); D, (15)

with (a, b) colour labels (i.e. group indices)of gluons 1 and 2,
(,j)colour labels of g, g, respectively. Using Eq. (14), we can
rewrite (15)as:

Mg = (NA°)yM., — FPN5Dy. (16)
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+

e'e —>yyvsqq — g8

If we want the charge associated with the group G to be
conserved, we still need to demand

ki es MEY = el ky ML = 0. (17)
Substituting €] — k" in (16) we get instead, using (12):
kluMg = —ngabc)\fjvi(a)ﬁzu,-(q) (18)

The gauge cancellation taking place in QED between the two
diagrams is spoiled by the non-Abelian nature of the coupling of
quarks to gluons (i.e. A and A\? do not commute, and f¢ £ 0).

M.E. Tejeda-Yeomans elena.tejeda@fisica.uson.mx /Iniciacién a la QCD



Non-Abelian gauge invariance and new intn terms

Gluons are charged (i.e. they transform under the symmetry
group) so new interaction is possible! Factorize (18) as follows:

ki ME =i (F*gel) x (igAsv(gr.u(q)) (19)

we can recognize in the second factor the estructure of the qqg
vertex. The first factor has the appropiate colour structure to
describe a triple-gluon vertex, with a, b, ¢ the colour labels of
the three gluons:

= gfabc me#a(klv k2'k3) (20)
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qq — gg has an extra diagram!

Eq. (19) therefore suggests the existence of a coupling like (20),
with a Lorentz structure V,, ,,,, to be specified, giving rise to the
following contribution to gg — gg:

= —ig?Ds = (ighl)v(q)in"u(q); (;_2/)

= egfabcvuup(_P7 k17k2)eg(k1)€l2)(k2) (21)

Q. Who is this V5, (P1, p2p3)?

R. LI, Bose symmetry and dimensional analysis uniquely fix V, up
to an overall constant.

Q. D3 in ky - M, cancels that of the first two diagrams?

R. Yes!
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Who is this triple gluon vertex (TGV)?

e Dim analysis fixes the coupling to be linear in the gluon
momenta: [A][A][A] =3 but [TGV] =4

* So at most one derivative (i.e. one power of momentum)
inside TGV

e Ll requires V built with g,,.,,, Py,

e Bose symmetry requires V to be fully antisymmetric under the
exchange of any pair (1, p;) <— (u;, p;) since £2b is totally
antisymmetric

Homework:
why?
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Who is this triple gluon vertex?

Unique and fully antisymmetric in all three indices, up to an
overall factor:

V#1u2#3 = VO[(kl - k2)uag,u1u2 + (k2 - k3)u1gu2/t3 + (k3 - kl)uzgulw]
(2

Set U3 = WU, €1 = kl, k3 = —(kl + kg)

ki €5* Vo = Vo[—(ki + ko) (k1 - €2) + 2(k1 - ka)ey — (k2 - €2)kq']
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Non-Abelian gauge invariance
Ds's gauge variation:

kz
kl . D3 2fabC)\C\/0 [ ¢2U 2k1k2 ( )Klu( )

] (20)

[cancels the gauge var D; + D, for V; =1

/

[vanishes for physical gluon k; - e, = O]

Dy + D, + Ds is gauge invariant (unlike QED) only for physical
external on-shell gluons.
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How about gg — gg”?

With TGV we can induce process involving only gluons, such as
88 — &8

Story repeats itself:

Verify gauge invariance ~~» need D, ~» 4-gluon vx. LI, Bose
symm and dim analysis fix it uniquely.
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Gauge invariance and Feynman rules

5ab _igaB

p? +ie
i
p%+ e
ik i
0 P2 —m+ie
mn

6ab

gf** (¢’ (p— q)" + & (q — 1) + &7 (r — p)’]
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Gauge invariance and Feynman rules

— _l-g2 fxac fxbd (ga,ﬁg'yé _ gaég,ﬁfy)

_ I-g2 fxadfxbc (gaﬂg'yé _ a’yg

gg™)
. I-g2fxabfxcd (ga'ygﬁ6 . gaégﬁ'y)

= BN & = —&fe°
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Gauge invariance and Feynman rules

3-and 4-gluon vertices arise from the Yang-Mills Lagrangian:

V]

C § Fa Fa;w ' ] Fa F 43 Fabc qb (o
YM = 4 1224 nv - a[u l/] g [:U‘

Homework:
Why no (n > 4)-gluon vertex?

tree level: dimensional analysis +
locality of the couplings

loop level: renormalizability of
the theory
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3 lectures: three quarks for Muster Mark!

Lecture 1:
e QCD at the LHC

e Gauge invariance and Feynman rules for QCD
Lecture 2:

e Renormalization and running o

e pQCD in eTe -collisions: from partons to hadrons, jets, shape
variables

Lecture 3:

* pQCD in lepton-hadron collisions: DIS and parton evolution
e pQCD at the LHC

\/ Overlap with other lectures is unavoidable.
\/ As with other things in life, the U and everything:

overlap is good :)
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