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Quantum chromodynamics.

e accounts for strong interaction processes
observed at colliders

e hadronic jets & heavy-flavour
production

e short-distance parton structure of
hadrons

= QCD plays a role in the prediction &
interpretation of any LHC result

e ingredients

* 3 families of quarks

(a)-(6)- (&)

each one has an anti-partner and
comes in 3 ,colour” states

e 1gluon, comesin 8 ,colour” states

e a relatively large coupling ~1/10 with a
fast ,inverse” running

Partons

Q electron
<107"%cm

proton
(neutron)

quark
@ <10"%cm

\ nucleus
~10""2¢cm
atom~10"cm ~10"3cm

Conjectured QCD Phase Diagram

Temperature

Quark-Gluon
Plasma

Superconductor
Phases

[Marcio Ferreira]



Quantum chromodynamics.

elec1tgon
<10" "cm field mass [GeV] spin el. charge [e] #colour
proton d ~0.005 1/2 -1/3 3
(neutron)
- qu%rk u ~0.002 1/2 +2/3 3
<10" "cm
nucleus S ~0.1 1/2 -1/3 3
¢ ~10""%cm
atonr=10"¢m | c ~1.3 1/2 +2/3 3
: oL o] ~4.2 1/2 -1/3 3
= QCD plays a role in the prediction & / /
interpretation of any LHC result t ~172.8 1/2 +2/3 3
g 0] 1 0] 8

e ingredients

* 3 families of quarks interaction long-distance rel. strength*
<u>, (C), <t) strong ~Tr 1
d S b
- 1
each one has an anl:cl—partner and electromagnetic _ 1.4 % 1072
comes in 3 ,colour” states 2
e 1gluon, comes in 8 ,colour” states weak —e w2 729 % 106
: . . r
e arelatively large coupling ~1/10 with a 1
fast ,inverse” running gravity — 1.2 % 1038
r

*at1GeV=02fm=2x10-"4cm



Aim of this tour.

, , jet 3 jet2 10'm
e give you an overview about: 5
k=) deposited energy:
§ 1 hadronic
e general features of QCD 2 ! electromagneti
e QCD in hadron collisions = ek his
. 10°m
e ... and their simulation S
- mesons: baryons: —
T fions P eutrons
e Not included in this tour: ete. etc.
. . <10"m
e details & derivations 2 quark
5
e lattice simulations A ALz
\El proton

e quark gluon plasma

e Neutron stars

[Carli et al. 2015]



Contents

e QCD basics
e« Colour & Lagrangian

o Perturbation theory & Running coupling
o Soft & collinear singularities
e concepts of jets & parton showers
e QCD for processes with incoming protons

« Monte-Carlo event generators

. QCD and
: « much of the material based on Steffen Schumann’s 2012 Collider Physics
: HASCO lectures -
. o« further reeding: Ellis, Stirling and Webber: ,qcb and Collider
: Physics" (aka ,the pink book of Qcb”); Dissertori, Knowles and
Schmelling: ,Qcb High Energy Experiments and Theory” xRN e




Exercise 1.1.1.1_1a: Given locality, causality, Lorentz invariance, and known
physical data since 1860, show that the Lagrangian describing all observed phys-
ical processes (sans gravity) can be written:
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The quark model

flavour” SU(3)y, structure observed in spectrum of light mesons & baryons

m» quark model: mesons (baryons) bound states of 2 (3) quarks, led e.g. to prediction &
discovery of @ Brookhaven 1964

baryon decouplet quark content
A~ AY AT AT ddd ddu duu uuu
> X0 zF dds dus  uus
B~ 50 dss uss
SSS

to account for baryon charges - credibility issue

quarks have to account for observed baryon spins

evidence for point-like constituents (|, ") inside hadron targets at sLAC 1970
further studies: partons conform to the quark model ~ quark-parton-model (QPM)

Note: SU(3)y # SU(3),, ... now let's talk about colour!
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Colour.

o problem (also see intro lecture pt. 2): quarks e.g. in spin-3/2
baryon A™" = | u,u,u,) are in a fully symmetric state of space,

spin and flavour
~ violation of Fermi—-Dirac statistics!

= idea of extra d.o.f. ,colour” baryon wave function is then

made antisymmetric in new colour index:

A++ — eabc | uaTubTucT>

e next problem ~ many new states with different colours, but no
such degeneracy was observed

= ad-hoc requirement of ,confinement”: only colour-singlet
states shall exist

o if colour group is SU(3). & quarks in fundamental
representation, basic colour singlets are

e |q,g%) (mesons) color+anticolour = "white"

€| q q,q.) (baryons) red+blue+green = "white"

Proton “ &
e® o
Antiproton
u
Neutron 0
W e
a
° Lambda
4
a
n#
@ 0.
o
K® €
a4 €
5 e




Colour: pion decays

VAVAVAVEN
q
« so long descriptive .. what about predictions of SU(3)_.? m
7
o decay ¥ — vy, leading-order calculation gives VT
129) =%(|uu>— dd))

2 3
1 m
Ftheo 0 — 2 E T =76 ZGV

« pion decay Cons.tantf]Z ~ 93 MeV measured independently from 7z~ — ,u_Dﬂ

» electric-charge-and-colour factor

2\ 1\° 1
= |(5) - (5) | =3

. experimental value I'**P(z” — yy) = 7.74(55)eV; ~ E =~ 1 ~

[PDG]



Colour: R-factor

e total cross-section ratio

R= Z oleTe” > qf)log(eTe” - uTuT) = NCZ QC?
q q

e« need to be over threshold to have quarks contribute to
the sum:

low energies ~» d,u,s = R = N¢

[S—
VR

W |
N~
(\®)

+

(\®)

I
UJ|>—t
N~
(\©)

I

L
W | N

|l

S
ek
o|3

2 2
2 1
intermediate energies w d, u,s,c = R = N |2 <§> + 2 <__>
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Colour: R-factor

Do
I | | : | : | | | | | | | i
o |o Jhp:  P(29): 5
5 — - ¥ 4040 ]
B : | Y4160 _
— :11’377 ‘ 1p4415 ]
| E m/f\- —
.- TRAREE
- I' : N
2 - ]
— = c'e — hadrons data
| (HVPTools compilation) I
1= ¢BES —
B { KEDR ]
- Aoyama et al 2006.04822 - puch(massiess 7
O | | | | | | | | | | | | | | | | | | | | |
0 1 2

[ 5 tcev1

-> data taken at different collider energies support
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Aside: R-factorand g — 2

« anomalous magnetic moment of the muon shows a ~ 4 ¢ discrepancy
(theory vs. data)

e largest theory uncertainty: HVP, determined by ...
o option 1: re-interpret s-channel ete- - hadrons R ratio data

e option 2: simulate HVP on a space-time lattice

fig. from

lattice —H— BMWec, 2002.12347 Frezzotti
R-ratio —&— (adapted)
BMWC'20 | | —
DHMZ’19 —Oo—
KNT19 | o .
CHHKS19 | - =&~ no new:physics

660 680 700 720 740
1010 & gLO-HVP

Hadronic Vacuum
s Polarisation (HVP)
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* fapc # 0w

—t

_—

o

o

SU(3)c

* SU(3) generators are the Hermitian & traceless Gell-Mann matrices

0 1 0 0 0 0 1
0|, M¥=[0 -1 0|,X*=|0 0 0
0 0 0 O 1 0 O
0 0 0 0 2 0 0
7 8 1
1,)\: OQ—I ,)\: 0%_02
0 0 i 0 0 0 =2

no evidence so far fora 1” = diag(1,1,1) (essentially a second photon), which would give U(3).

quarks are column vectors, anti-quarks are row vectors in colour space
. A 1 A . LA
by convention for SU(3)- we take 1), = Eﬂab w U = exp (laAt )

group structure constants f, s defined by [t2, 18] = if, 5 t¢

» analogues for SU(2) are the Pauli matrices o; and the structure constant €;;
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QCD Lagrangian building blocks

e quarks
spin-1/2 quark fields l//f;, with colour a € {1,2,3} (fundamental representation)

3free Dirac — Z lr_”z iéabyﬂa/,t l/fg _ mql/_/zl//qa with q S {M’ da S, C, ba t}
q

o gluons
spin-1 gluon fields A%, with index A € {1,...,8} (adjoint representation)

1 .
Zvure Gluon = — ZF;‘UFA”” with F;‘U = 0ﬂA;j‘ — ayA;‘

o quark-gluon interactions
minimal coupling, restoring local gauge symmetry

_ - A AA, b 2 _
Zinteraction = Z gsl//Z }/IutabAM W, with g&= 4ra
q

14



QCD classical Lagrangian

gQCD = Ztree Dirac T ZLinteraction T gpure Gluon

—a (- _ 1
=) W <l5ab7”6ﬂ + gﬂ%‘ﬁ,ﬁ‘) Vo — MWy — ZF;‘UF e
q

— =a [ ;.U b 1 A T Auv
— Z Vg \ WV (D,u)ab — abmq) Yy — ZF'MDF
q
with (D)), = 0,0, — igsl‘g‘bA;‘ the SU(3). covariant derivative

e share same form as QeD (Yang-Mills), ,only” gauge symmetry differs
e squared terms give quark and gluon propagators
e No gluon mass term (would violate gauge symmetry)
e quark—anti-quark—gluon interaction,
» construction of gluon propagator requires gauge-fixing terms (same as in

QED) and—depending on the gauge—ghost fields that cancel unphysical
d.o.f. (always decouple in QED since it is abelian)
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QCD Feynman rules

o 1
Zqcp Dy (—lgsy”t;,“bAﬁ> Wy = &S O ADANAT — g AR EPAMARATAY

A, W D, 0) A, W
a b C,p B,V
—igtp v —g YN (p — q)rgt  —iglfXAC fXBD[grvgre — ghoght]

+(q —r)'g” +(C,y) © (D,p) +(B,v) < (C,y)
+(r —p)'g]
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QCD colour flow

A u

fABC

X g

e gluon is charged: carries colour and anti-colour

= gluon emission re-paints the mother parton
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QCD colour algebra

o useful SU(N) colour algebra relations
~ appear when summing over colours of squared amplitudes

trace relation corresponding diagram

1
Tr{rt} = TR 6%, Tx= B %T‘AOT\Y#

c—1

ZfACDfBCD CA 5AB : CA — Nc A B
C,D i ;

~ gluon emissions are enhanced w/r/t gluon splittings into quark pairs

~ in particular gluon emissions off other gluons come with a relatively large prefactor
CA — 3

~ gluon corrections play an important role in QcD

18



QCD colour algebra.

trace relation

1

A A _
Z tabtbc - CF 6ac ’ CF
A

ZfACDfBCD =C, 5AB
C.D

N2 -1

2N,

c

CA=NC

~ Let’s measure the SU(N,) group constants!

corresponding diagram

’ & T 1 1 A\ ] 1 | T T l T T T T [ e N 1 1 1 1 | ] T 1 l/
i . . SUS)
] Combined result // 4
, L * SUB3)QCD A !
" 7" "\ OPAL N,
\ DELPHIFF -
15 + ( £ -
| 4 = OPAL 4-jet |
C ” | q
F ' ,"'— Event Shape il
| L ALEPH 4jet - / i
S Zm SUQ) *
0.5 & vay 4
: 86% CL error ellipses
i SU)
0 A i * A 1 1 1 1
0 1 2 3 4 5 6
C A
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QCD perturbation theory |

 given £, we can start calculating physical observables ...

o Lattice QCD approach: numerical
simulation in discritised space time

e suitable for static properties
of hadrons, e.g. masses

o dynamical LHC collision events
not tractable

M[MeV]

2000
1500
1000

500

o

==['¢

—— experiment
== width
o input

¢ prediction

« Perturbative method: order-by-order expansion relying on a¢ < 1:

O~Cy+Ca+C, af

N———

small

+ (5

3
S

a

N———

smaller

_|_

N———

negligible?

« calculational complexity grows extremely fast with power of ag
so we get away with first few orders!
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The running coupling

perturbation series requires , which removes UV divergences
~ introduces unphysical scale up where divergence subtractions are
performed

problem when pp very different from process scale Q2 because Feynman
diagrams with n loops contain terms ~ (o In pg 2/0?%)"

can absorb such known corrections into L ag = ag(0?),
then log terms at all orders are resummed!

gives the dependence and can be calculated perturbatively:

0
— = plag), Plag) = — ag(by + byag + byag + ..)

m@m R Wi



The running coupling

0
0_ = flag), Plag) = — 0552(]90 + bog + b2a52 +...)

11C, — 2ng 17C; — 5Cyns — 3Cpny

b= b:
0 127 : 2472

« Ny = number of ,active” flavour, not large enough to make overall prefactor for
positive

e ,anti-screening” due to

[Nobel price 2004 for Gross, Polizer, Wilczek]

o high /41% ~ small coupling ~ quarks/gluons interact weakly, perturbation
theory works

e low ,MI% ~ large coupling ~ quarks/gluons interact strongly, perturbation
theory fails (~ confinement @ large distances)
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The running coupling

o at leading order (only retaining b, term), integrates to

) P PR PRE
T WL, . N " gt running
d1n u3 ’ ’ | i R HR :
+ by In—  pyln : a
0% (Ho) Ho ’ Adep : a(pg) = ° 2
. 1 — boao In ZR
e result expressed in termsof U (PDG 2014]
oL v T decays (N3LO) o
e a refere;ce scale p, e.g.2 {Q) e o
— a DIS jets (NLO)
/’tO T mZ ~ measure aS('MO) 03¢} 0 Heavy Quarkonia (NLO)
o e'e¢ jets & shapes (res. NNLO)
2 ® 7 pole fit (N3LO)
[ ] data % as(mz) ~ 0.1 18 - p(l_))—>j€tS(NLO)
02}

e Or alternatively, the scale
where the coupling formally
diverges: Agcp ~ 0.2GeV

0.1}

= QCD 04(My,) =0.1185 %+ 0.0006

10 Q [GeV) 100 1000

determinations of ag [Dissertori 1506.05407]

e perturbation theory valid
for ug > Agcp
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QCD perturbation theory Il

QCD perturbation theory at the LHC?

o (Q) v T decays (N3LO)
S Lattice QCD (NNLO)
a DIS jets (NLO)

« typical scales at the LHC (e.g. for New Physics 031 \ 21‘?)‘1" '
® 7 pole fit (N3LO)

searches) u ~ pr ~ 30GeV to 5 TeV " B> jets (L0
~ small coupling v/

02}

0.1}

« on the other hand: = QCD o(My) = 0.1185 £ 0.0006 |
1 10 Q [GeV] 100 1000

. collide protons with m,, = 1 GeV ~ large coupling

o detectors see hadrons, not free partons

~ perturbation theory does not apply

most striking: we see hundreds of hadrons in a typical event, so
certainly there is no one-to-one parton-hadron correspondence
for pQcD calculations to first or second order!

the will allow us to untangle
perturbative Qcb and non-perturbative modelling
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How to proceed from here

e QCD basics Vv

e what PT tells us about the structure of QCbD events

o soft-/collinear singularities and the concept of jets

e parton distribution functions (PDF)

« methods to carry out Qcb predictions
o fixed-order perturbative calculations

« Monte-Carlo event generators

25



Soft & collinear
singularities and the
concept of jets



Soft gluon emission amplitude

(eTe™ = )r* = qq
P1
ie\(M

%C]C_I = = I/_ta(p l)ieqy,uéabvb(pZ)

P>

now emit a gluon with momentum k and polarisation vector €

Pq Pq
ey, K e ey,
M- = vy Y 4 P
q98 €
P> P>

N iy,(p7 + k%) . o r(py k%)
= — i, (p))ig,r,€"t}, TENE ie,y,Vp(P2) + U, (pr)ieyy, TS ig,7,€"t5,vp(P2)

make gluon soft, i.e. k <K D1, and only keep leading terms

Py-€ _P2-€>

M., ~ 0 ie y 12y
q98 a(pl) qy,u ab b(p2) 8s <p1 & D, . k

27



Soft gluon emission amplitude: squared

2
_ . Pi-€ Py.€
|‘%q51g|2 = 2 ”a(pl)’eqyﬂtAabe(Pz) 8s< 1 X — = k>
A,a,b,pol P1- P2 -
p P\’ 2p;.p
= —|M%|Crg?| —— - ) =|M%|C,g> L ME|Cg?
| qql w8 <P1 .k Pz-k> | a1 = r8s (p1-K)(p,. k) | aal =rSs E%(1 — cos )
, &k E2dE sin 0d0d ¢
now include phase-space factor: d® ., ~ d® . =do,;
148 “2E(2x)3 2E(27)3

¢ 20,Cr dE dO dg
oz E sinf 2rx

, with 0 =0, , & ¢ azimuth

gluon emission singularity structure (process-independent):
o diverges for E — 0, infrared/soft singularity

« diverges for @ — 0 and @ — 7, collinear singularity
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Real-virtual cancellation

« O(ag) correction to total cross section also includes virtual contributions:

ie Tu

o total cross section must be finite, i.e. virtual must cancel the real divergence:

20.Cr. (dE [ dO E 20.Cr. (dE [ dO E
Otor = Ogg 1+ —R| —,0 |— - Vi —.0
T E ) sind QO T E ) sind O

« R(E/Q, 0) parametrises the full real-emission matrix element, last slide: R — 1 for
E—0

« V(E/Q,0) parametrises virtual corrections

 for every divergence, Rand Vcancel: IIm(R—V)=0 and Ilm (R—-V)=0
E—0 0—0,7
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The total cross section

The emerging picture
« corrections to o, dominated by hard, large-angle gluons
« soft and/or collinear gluons play no role for o;

« collisions characterised by time scale #,,.4 ~ 1/0

. soft gluons emitted on long time scales £, ~ 1/(E?%)
~ can not influence cross section

. similarly: transition to hadrons occurs on long time scales #;,4 ~ 1/Agcp
~ can thus be ignored

« with proper choice for scale of ag, up = Q, perturbation theory works well

( \
a,(0%) a,(0%) ’ o (0?) :
O = 0z 1 +1.045 . +0.94 " —15 . T .o
LO .
\ NLO \ NNLO NNNLO )

coefficients given for Q = m,

total cross sections are quantities that are
w/rft the number of additional QcD partons
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