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Outlook

® From haclrons to c]uarks

o QQCD Lagrangian Aensity

o Asgmptotic freedom

e Collinear factorization



Motivation:
From hadrons to QCD



Particle ‘explosion’

1890 1900 1910 1920 p(b) [fm‘z]
IR T N T T O A T AT N M O A BN AN M B O B AN AN AN AN 20 Pl‘OtOﬂ
I T I l ¢I s
e P o mm) EM charge
19|20| | O T | | | I O I 119|401 | O | 119|50 05+ radiUS!
| ! | '
1 1+ Ii ,ti 11 05 10 15 200 lm
1950 1960
I | I N N R N N I | I . p(b) [fm_z]
| | b o . b [fm]
IoIoli gteioﬁo EI}I 12 ... and ot 20
KPaz— 0 =0 oéq many more!
Lo
Neutron
Before | 950’s: Protons and neutrons were regardecl
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Robert Hofstadter .
. Nucleons have mtemal structure! P |
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Particle ‘explosion’
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The (na’l\/e)quar‘( model

o NUCICOHS arc macle bﬂ quarks! | 0 0
Quark model, Murray Gell-Mann 0 ( 1 > 0
Nobel prize 1969 0 0 1

® 5 c]uar|<5 with the same mass. The c]uarks are eigenstates
of the fundamental representation of FLAVOR SU(®)

e SUM®) has H2-1=8 generators (Gc”~l\/\ann 3%% matrices)

sug) emlid )

, 2
lsospin: I, = J, Hyp ercharze Y=—J;
' ‘/ V3

0
-1
0
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J3:§

o O =
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The (na’n’ve)quark model

e Quarks and antiquarks cigcnstates

NO COLORYET
Figenstates |15, Y)
11 11 2
= |—,— d: - —,— = O,——
=177 =537 s=10,—7)
1 1 -1 1 2
= | — — — — d: —, — — ¢ — O,—
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The (na’l\/e)quar‘( model

e Mesons (quark~antiquar|< states) from Groulz) Theorg

q(u,d,s) =3, q(u,d,5) =3, of flavor SU(3)

33=8®1 = 1flavorsinglet + 8 flavor octet states
Y A

o Phgsical mesons (L=0, $=0)

1
/.A E(UU — dd) —> 7

Octets \ 1
%(uu—l— dd — 2s3) => 13
5iﬂ5|€t—> C = %(uﬂ +dd+s5) = 17



Mesons

o Meson states

SPm of quarlc-ant:quark Palr S = S, s+ _}1 S =0,1
Meson spm J=1 + S
Parltg P=—-(-1 NO COLORYET
Charge conjugation C=— (=1t
e | =0 states
JPC =07 - JPC — 1= (Y=S)
KS |
= 77@7%0 @ mix(w, gb)
K Flavor singlet

Flavor octet



Ba ryons O COLORYET

L Bargons from Group Theorg

303%3=105® 8., D8y, 1y

S: symmetric in all 3 q, Mg : symmetric in 1 and 2,
M, : antisymmetric in 1 and 2, A : antisymmetric in all 3

* Baryons 5Pin: 1/20r%/2

SPin 1/2
Y
n A

F‘lavor octet

2. Yy

Lo |
oy
—_—
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Ba ryons O COLORYET

L Batyons from Group Theorg
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Bargons

Violation of Pauli exclusive Principle

Need of another quantum number:

color!

* Baryons 5Piﬂ: 1/20r%/2

SPin 1/2
Y
n A

F‘lavor octet

2. Yy

Lo |
oy
—_—
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Color

o Color: new quantum number. At leas’t threc: colors are

ﬂCCClCCl

LI quarks’ color wave function must be antisgmmetric

o Bargon wave function

Q(QI’ 42 Q3) — C”spatial(xl’ X2 .X3) ® q”ﬂavor(fl’fb f3) ® ¢spin(sl’ 525 S3) ® C”color(clﬂ €2, C3)

Antisgmmetric ngmetric ngmetric Symmetric Antisgmmetric
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Discovcry of quarks

* Deep inelastic scattering (DIS) e (p")+h — e ( p’ﬂ) + X

Elektron

SLAC 1968: Discoverg of sPin~l /2 quarks

p—"y

Birth of QCD (1973)

12

-




Quantum Chromodgnamics

(QCD)

Theorg of quarks, gluons and their interactions



QCD Lagrangian densitg



QCD Lagrangian densitg

_ (. 1 .
Zqcp = @ (W”Dﬂ — m5ij> P — ZG;?IJGA,M

Question: What are the (mass or |ength) dimensions of the quark

and gluon fields? (Hint: the acti%m must be Lorentz invariant)



QCD Lagrangiaﬂ densitg

Quark term

Quark (3 colors)
SPin 1/2 Dirac fermion

Question: What are the (mass or |eng’th) dimensions of the quark

and gluon fields? (Hint: the acti%m must be Lorentz invariant)



QCD Lagrangian clensitg

Quark term Gluon term
Quark (3 colors) Gluons (color octet)
SPin 1/2 Dirac fermion SPin [ Vector boson
qol C 1 8
0; = ¥, Aﬂ =AM,...Aﬂ
P3

Question: What are the (mass or |eng’th) dimensions of the quark

and gluon fields? (Hint: the acti%m must be Lorentz invariant)



QCD Lagrangian: quark term

. Cy AC
gq_%(zyﬂdﬂélj—gsy”(t )ij A —mo, )gﬂj

e SUBG) localgauge sgmmetrg: 8 generators tC = tl],. t8

COI”T’@SPOHChﬂgtc Sgluons. AMC — A/}, . .AE
Gell-Mann matrices A = l/lA (14, 1] = ifABCtC
)
Structure constants of SU®)

* Gauge invariance U(x); = [¢"%\a).. (antisymmetric in all indices)

ij
Px) — () = U)y,(0)
A (0) — ALx) = UXA,0)U- 1(x)+ - [a Ue| U



QCD Lagrangian: gluon term
. = ~GAGhu

g 4 1224

Strength field: Gy, = 0,A) = 0,A} + g, fAPCAJAL
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QCD Lagrangian: gluon term

Strength field:

SRR NN AR RN I N SN
e T T T - . - : i /
X !
!
|
f :
¥

Term needed for gauge local invariance

l

Rcsponsiblc of triplc‘c and quar’tic interactions

and asgmptotic freedom
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QCD Lagrangian densitg

gQCD = gq T gg T ggauge—ﬁxing T gghost



QCD Lagranglan dens:tg




QCD Lagrangian clensitg

o Todefine the gluon Propagator we need to fix a gauge

: (O"AS)(0"AS)

Z gauge—fixing — )

Covarant or Feynman-‘t Hooft gauge: A=1

o Gluon Prol:)agator:
9B B 7
“0000000000000) o [Lens (12 1) KX
2 |8 1) i

—~k 18




Ghosts in QCD

gQCngq_l_gg_l_g +g

gauge—fixing ghost
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Ghosts in QCD

gQCngq_l_gg_l_g +g

gauge—fixing ghost
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Ghosts in QCD

gQCngq_l_fzg_l_g +g

gauge—fixing ghost

e Jo preserve

Lo = 001} (D) = (9} ) (95 = 8,445 €)

Question: Do ghosts interact with the gauge fields in QED?

19



Ghosts in QCD

2im | T+ TIC 4 >O<
+oem el
=3 | T+ P

Sum over all physical polarizations

2

Question: Do ghosts interact with the gauge fields in QED?
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f:egnman rules

* Propagators 548 | 1\ kv |
|77 e
0 A v, B i _
ROL0L0A0101010101010101010Y Light cone gauge:
— k 5B Kin® + kin¥
_ _g/’ty _I_
k2 k-n
n-A=0 n*=0
A ’ b/ sabsff l
/ p / yp—m
A ................... Porerrarnnrnnrnnrnnrnnns B 5ABL
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Feynman rules: interactions

f
805" e AL, %w< ~ig, (1),
f/

b
a

C
8,

k1 ﬁc

gs @ p A A
?fABC(a,uAyA . OVA”A)AfADC . :
AR

A Y
aa ﬁ
2
—%TSfABCfAB/C,A/fAUCAMB/AyC/ %i
d
h) c
b-

2

gSfABC [(kl _ kz)}’gaﬂ + (k2 _ k3)05gﬂ7’ + (k3 — kl)ﬂgm]

_igSZfEACfEBD :gaﬂg;@ _ ga5gﬂy:
| _l-gSZfEADfEBD :gaﬁgyé _ gaygﬂé:

b
y _igSZfEABfECD :gaygﬂé _ gaégﬁy:

’p
BAC A uAY ,,C a ABC .’
0, (8. CAM ) 1 R000< —g. P p*

WP

¢ 1



What do theg Phgsicang mean?

b C “. D C

The gluon carries

color and anti-colour

—o .M, AA (1 0 00/0 10 0
8@p7" (1) Al (1 o o) ()
0 0 0/ \o

(pb (tl)bc qﬂc

A glUOﬂ emission changes tl")C C]UBF‘( COIOI’
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What do thcg Phgsica”g mean?

%fABC(aﬂAUA . ayA,uA)AfAVC

A gluon emission also clﬁanges the gluon colors '

23



The couPling constant



Renormalization

e In (QED,QCD...) cliagrams bcgoncl L O ultraviolet (UV) clivergences
appear

e Renormalization is needed to remove the UV cliagrams
e Renormalization introduces a new energy scale J7;

o Phgsical observables (R) cannot cleloencl on # => Renormalization

group ec]uation

d
ﬂzﬁR (Q*1u*, (W) = 0= R(Q) = Ra(u) + RyarZ(u*) + ...

H g2(u)
a. =

25 > 4




Running coupling

o All (QED, QCD, EW) couplings run: theg clepenﬂ on the momentum
scale (Q2) of the process

oo
0’ = f(a,) pla,) = asz(b() + b,a, + bzasz +...)

002
11C, — 2, 153 — 19n,
by=——— by =~ —— by <0 for n, <16
(Cy =3)
2 _ 00
| 2 7 0 2 (1) ¢

e Solve Q 2:b0as ﬁ aS(Q)z 2 — (0

o0 1 —bya(u?) In (—2> (by < 0)

ASL mPtotic freedom!
2014 Nobel prize: Gross, Politzer & Wilczek
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Asgmptotic freedom

o At ’]igl’) scales, the coupling becomes small
L4 PIng

nteraction is weak: quarks and gluons are almost free

o Atlow scales, the coupling becomes strong

nteraction s strong ~ quarks and gluons confined into hadrons

Perturbation tl’weorg fails

(by < 0)

2
a,(0?) = W) _ : (LO)

L=ba() (L) _p, ln< % )

Aocp = 200 MeV Fundamental scale of QCD at which

the coupling blows up
o PQCD valid for 0%> Agcep

27



Strong coupli ng, determination

arXjv: 0908.11%5 [hCP"PH

July 2009

0.5

o (Q)

s a Deep Inelastic Scattering

0.4 | oe ¢'¢ Annihilation
0® Heavy Quarkonia

03}
0.2
0.1}
= QCD 0o3(Mz)=0.1184 £ 0.0007
1 10 100

Q [GeV]

Collider Phenomenology

° Asgml:)totic freedom mem—i
- PQCD calculations under control




Quark Mmasses

o Rurming quark mass equation: mass anomalous dimension

, Om 2
0 a_QZ = — 7 (a)m(Q°) vy, (a,) >0

0? -
m(Q?) = 0
o Light quar|< masses: mf(Qz) < Agep forf=u,d and even s

QCD pertu rbative theorg (Q° > Agep)

1S egectivelg a massless t‘qeorg

Note: The Higgs mechanism is irrelevant for hadron masses, theg are

(mostlg) dgnamica”y generatecl



Haclron mMasses

o The Higgs mechanism is irrelevant for hadron masses, theg are (mostlg)

dgnamicaug gcneratecl

Higgs mechanism Dynamics of gluons

(R
.. :
Quarks

Mass = 1.78x1026 g

. Proton
\ Mass =168x10%°g

~ 0 f
~ 1% of proton mass 99% of proton mass

“Mass without mass!”

30



|_attice hadron masses

e The hadron mass sPectrum 1S 3 great success of Lattice QCD

2000 — ' .
- | Budapest-Marseille-Wuppertal collaboration
——Q)
| - _=*
1500 =
: | é >
. —z |[EHA
[ ! ™ A
1000
%. _ A L
- + p
How ClOCS QCD 500_‘ e K — experiment
) i —= width
generate this? o input
0 —— I & QCD
Durr et al '08

QCD is the right theorg for strong interactions!




Latt’ CC QCD See Martha Constantinou lectures

o Non~Perturbative aPProach to
solve QCD

® Discrete. Momentum cut-otf1/a

A”ows us to stucly non—-Perturbative

Phenomena

(with imagjnary time)

o (Jse MC saml:)ling to ﬁgure out which field conﬁgurations are
most | kel‘q 32



How many colors

are there?



Evidence of color

o ComPare ’Ché cross sections O]C:

ete” > utu” ete” > g+ g
oo,
et "l+ et oo\p
q
g
e p'- e Q‘o
~<\'°&°

e Without color*:

oleTe” > utuT) Zqz

Y, olete —>qq) 4

*Omitting hadronization

34



Evidence of color

o Compare tlﬁe cross sections omC:

ete” > utu” ete” > g+ g
oo,
et "l+ et oo\p
q
g
e o e &
x@&o

o WITH COLOR:*:

oleTe” > utuT) 3Zq2

Y, olete- —>qq) 4

*Omitting hadronization
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Evidence of color

T I T T T T ' 1 T ! Al I I | T 1 l 1 T T I I T 1 T 1 1 1 H T I I T

R 5 v ro Phys. Rev. D53, 5268 (1996)

4_‘ | Ir:'— ++++++ t== ¢ .
, L e
Without color.> N +++++
1/9

o Above the b threshold:

Without 0\ 2 1\ 2 1\? 2\ 2 1\?>
R= <—> +<——> +<——> +<—> +<__> /9~ 12
color \3 3 3 3 3/
u a 5. C b




Evidence of color

Without color: .

>

/9

:

‘ ||I'||i“|‘llli+

T

| Amagm=

Tll

il l 1 T

I I T 1 T |

Phys. Rev. D53, 5268 (1996)

T T T ) G

i +++++++

+++++

o Above the b threshold:

WITH
COLOR

R=3.

(

2

3

u

)+

1

3

d

)

1

3

)+

S
35
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3

C

)+

=3-11/9 = 3.67



IR and collinear

clivergences



The builcling block of QCD

il
i
A

P(q— qg) = > 0,

C

Taking the final state parsons as massless:
P” = (E,Q,O, ﬁ’a)
[I:D'u — (Eb’ O, Eb Sin 61, Eb COS 91 )
P2 = (E.,0, — E.sin6,, E.cos6,)
, 2
M2 = (PL+ Pl ) =2PUpy

M? = E,E, (1 + sin 6, sin6, — cos 0, cos@z) = 2E E. (1 —cos0)

37



ZE 5

P(q — qg) = ’ @
(1-7)E

Collinear and soft clivergent

States with no gluons) with collinear gluons or with rea”g soft gluons

are inclistinguishable

® Divergences need to be resumed: renormalization (DGLAP, DLA...)
Q2

a, log— ~ 1
02
o



States with no gluons) with collinear gluons or with rea”g soft gluons

are inciistinguishable

® Divergences need to be resumed: renormalization (DGLAP, DLA...)
2
a, log Q_2 ~ 1

0
33



How? IR safe observables

e IR sate observables

o Simple example: e*e- — hadrons

=




How? IR safe observables

e IR sate observables

o Simple example: e*e- — hadrons

q — Virtual

€ q
q et q
e q
et q

39



How?

° PQCD Provicles a full Perturbative calculation in terms of Partons

e But experiments can Oﬂlg SCC l"lBle’OﬂS

1.€. 6+6_ — h -+ X

—> Hadron h

o Sensitivity to non-Perturbative Phgsics

40



How? Collinear Factorization

dep%hX — Z fl‘ (Xl, ,Mfz) X j; (X2, ,ufz) X dG;j—)k ® Dk—>h (Za /’tfz) + 0 (Mf_zn)
ijk

41



How? Collinear Factorization

PQCD

doPP="X = N i ud) @ £ p?) ® :

ijk

R Dy, (Za//lfz) + @(ﬂf_zn)

x1P1 k Dy (@)
1 ’ \
0ij(as)
x2P> .
J
fil@2)

41



How? Collinear Factorization

PDIs PQCD

41



How? Collinear Factorization

_ s PQCD Ff:s

41



How? Collinear Factorization

e Non Perturbative — 4 h/ .
But universal He P A (2es@
e Their evolution T .
IS Perturbative e |
A b )
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How? Collinear Factorization

FDI's pQCLD FFs

e Non Perturbative - 7 =% / '

But umi\/ersal | | XiP K Dy, (@)

 Their evolution | o
1S Perturbativew-m—b DGLAP |

afl (xa Qz)
0" 002
J

Splitting Functios (PQCD) —

41
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Backup



DGLAFP

o Splitting functions at LO:

1+ 27
CF —|—25(1—33),
(1—x),
1
3 @+ (—2)]
C -1+(1—x)2-
ZC Y
ON, | —= Lo -] +
ll-a), x

44

11Nc — 27?,f

6

Joa-a .



DGLAFP

of; (x, 0%
002

0> = ) P, ® f(x.0%
J

o Splitting functions at LO:

1+ 22
qu — CF(l—ZC) —|—2(5(1—$) .
+

1
P, = > 22+ (1—2)’]

1+ (1— x)2_

Py = CF

| 1- 11N, — 2
P,, = 2N, R x+x(1—x)]+( ; nf)5(1—x) ,

44



