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What is QCD?
What is QCD (Quantum Chromo Dynamics)?

Elementary fields: Quarks Gluons
color a=1,...,3
, . color a=1,...,8
(9a)¥ spin - o= 1,2 Al . N
spin €

flavor f =wu,d,s,c,b,t

Dynamics: Generalized Maxwell (Yang-Mills) + Dirac theory
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From: T. Schaefer, QM08 student talk
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QCD and hadrons

Quarks and gluons are the fundamental particles of QCD
(feature in the Lagrangian)

However, in nature, we observe hadrons: ®

Color-neutral combinations of quarks, anti-quarks

Baryon multiplet
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Baryons: 3 quarks

Meson multiplet
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Mesons: quark-anti-quark



Seeing quarks and gluons

In high-energy collisions, observe traces of quarks, gluons (‘jets’)



How does it fit together?
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Asymptotic freedom and pQCD
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+ more su bprocesses

At large Q2, hard processes:
calculate ‘free parton scattering
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At high energies, quarks
and gluons are manifest

But need to add hadronisation (+initial state PDFs)



Low Q2: confinement

o large, perturbative techniques not suitable

(o3 3 § Bali, hep-lat/9311009
{ .+ || Lattice QCD: solve equations of
———J| motion (of the fields) on a space-
b time lattice by MC o
178 McV — = 0.1 ISJ ’..,./"
!/
0.1} / !
1
Lattice QCD potential
© o)
© O) String breaks, generate qq

© O (© 0) pair to reduce field energy




Part |: Hard processes in fundamental
collisions
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Accelerators and colliders

p+p colliders (fixed target+ISR, SPPS, TevaTron, LHC)
— Low-density QCD
— Broad set of production mechanisms
Electron-positron colliders (SLC, LEP)
— Electroweak physics
— Clean, exclusive processes
— Measure fragmentation functions

ep, up accelerators (SLC, SPS, HERA)

— Deeply Inelastic Scattering, proton structure
— Parton density functions <

Heavy ion accelerators/colliders (AGS, SPS, RHIC, LHC)
— Bulk QCD and Quark Gluon Plasma

> Many decisive QCD
measurements done
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Seeing quarks and gluons

e q

In high-energy collisions, observe traces of quarks, gluons (‘jets’)
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Singularities in pQCD

do . az% + CL‘% p3
dridzy (1 —z1)(1 — z9)
ry = 1— 2p2 - p3 P1 P2
Q:z
(massless case)
Soft divergence Collinear divergence
p3 — 0 p2-p3 — 0

Closely related to hadronisation effects
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Hard processes in QCD

« Hard process: scale Q >> Aqcp
. Hard scattering High-p; parton(photon) Q ~ p+
« Heavy flavour production m >> Aqcp

Factorization

Cross section calculation can be split into
« Hard part: perturbative matrix element
 Soft part: parton density (PDF), fragmentation (FF)

pp 2 2 s hic
dyd 2pT - K%fdxadxbfa (xa 9 Q )fb (xb 9 Q ) dlf: (ab Cd) J'EZC
parton density matrix element FF

QM interference between hard and soft suppressed (by Q%/A2 ‘Higher Twist’)

Soft parts, PDF, FF are universal: independent of hard process
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The HERA Collider

The first and only ep collider in the world

Hera at DESY near Hamburg
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Equivalent to fixed target experiment with 50 TeV e*



Example DIS events

NC: e+p—e+X, CC:e+p—=v (v)+X

. X : electron
¢ (k) &(k’) : electron

p(P) X(P’)

e:(k) V(k’)/V(k’) Q**2=21475 v=0.55 M= 198

p(P) X(P’)
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DIS: Measured electron/jet momentum fixes kinematics: x, Q?
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F,. essentially a cross section/scattering probability

H1 Collaboration
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Factorisation in DIS

the physical structure fct. is independent of
(this will lead to the concept of renormalization group eqgs.)

both, pdf's and the short-dist. coefficient depend on

(choice of py: shifting tferms between long- and short-distance parts)

yet another scale: . short-distance "Wilson ¢oefficient"

due to the renormalization
of ultraviolet divergencies

choice of the

Integral over x is DGLAP evolution with splitting kernel P,
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Parton density distribution

Low Q?Z2: valence structure

ZEUS
c; 08 r

. —— ZEUS NLO QCD fit Q°=10 GeV*
0.7 o, (M7) = 0.118

: tot. error = Uy,
0.6 |

CTEQ 6M

05 | MRST2001
04 N xg(x 0.05)

Soft gluons

Valence quarks (p =
X~1/3

Q2 evolution (gluons)

ST QCD Fits
O 20 B (H14+BCDMS) total uncertainty
x B (H1+BCDMS) exp. + «, uncert.
e (H1+BCDMS) exp. uncertainty
> | (H1)
15

Q*=20 GeV?

10

H1 Collaboration

Gluon content of proton rises
quickly with Q2
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p+p — dijet at Tevatron

Event : 73268 Rum : 138396 EventType : DATA| Unpresc: 0,32,33,2,3.4,5,7.8.9,11,13,16,17,18,19,20,21,53,22 23 1

Evera: 75268 Rum: 13330 EvendType : DATA| Unpeesc: 03253234578 9.11L15.16.17.18.192021552223552

Tevatron: p + p at\Vs = 1.9 TeV

Jets produced with several 100 GeV

20



Testing QCD at high energy

ZEUS+HI1
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DIS to measure PDFs -
o5l b b b b b 1
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O do PYET [Gevic]

dydzp;T = Kc;lfdxadxbfa(xa9Q2)fb(xb9Q2)

—(ab — cd
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parton density matrix element

Theory matches data over many orders of magnitude

Universality: PDFs from DIS used to calculate jet-production in pp .



Testing QCD at RHIC with jets

RHIC: p+p at Vs = 200 GeV
(recent run 500 GeV)

Jets also measured at RHIC

NLO pQCD also works at RHIC

However: signficant uncertainties in
energy scale, both ‘theory’ and
experiment

— — —_
b S

1/2x do/(dndpr) [pb/GeV]
ou

10°E

10

L LB L B B L B LB BB L BN B B N R
STAR, hep-ex/0608030

p+p = jet+ X
\s=200 GeV
midpoint-cone
Lone=0.4
0.2<n<0.8

—&— Combined MB

—&— Combined HT
——— NLO QCD (Vogelsang)
~~~~~~ NLO + Nonperturbative
1 1 ! 1 1 1 1 ! 1 1 1 1 ! 1 1 1 1 ! L l
Systematic uncertainty
------------------ Theory scale uncertainty
.................................................................. Q""‘"""""""""
...‘.._.;‘ -- WM ‘-Mwnd‘vvvv? ............
20 30 40 50
Py [GeV/c]
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Direct photon basics

LO: y does not fragment,

direct measure of partonic kinematics Small Rate: Yield o oo
4 Y q Y
j[: i 5 PAP->74X0.98 =200 Go¥ g
-2 | SO e O eeeeeeeeeeenennen] g
! Amlihilatinng Conipton Scatteri;llg .E_; 0‘8} direct «C%,
S 0.61 g
NLO: quarks radiate photons 0.4k E
L W]
N < 0.2} fragment p
oL 1 - I B P 1o &
,,Mi“m, 0 2 4 6 8 10 12 14
p; (GeVic)
y PV oatd . . O
S Direct and fragmentation contribution
§ same order of magnitude
> > > >

‘fragmentation photons’
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Experimental challenge: n° — yy

PbSc
% N R S e B B -
pd i ® Measured |
>-Z 1_. —— Calculated background —_
L ® ® -
|, 0-10% +++ + -
I i 0 2 4 6 8 10 12 14
oL | AT B p; (GeV/c)
0 5 10 15
pr (GeVl/e)

R = (7/ 7TO)I\/leasured
Y

— Y Measured

(7/ 7TO)Backgmund ‘YBackground
Below p=5 GeV: decays dominant at RHIC
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Direct photons: comparison to theory
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UA2 pp vs=630 GeV

AFS gp vs=63 GeV
R806 pp

E706 pp vs=38.8 GeV
UAB

;,'Ag :)pw vs=24.3 GeV
WA70 pp vs=22.9 GeV|

py GeV/c

data/theory

P. Aurenche et al, PRD73:094007

6 —
« WA70 pp INCNLO or JETPHOX
® UA6 pp Memp=MF=pt/2
v CTEQEM A= 326 MeV

5 A E706 pp/soo frag BFG U
0O UAD pp
s R110 oo
¢ R806 pp

4 ¢ AFS pp
O PHENIX preliminoy pp
® DO pp
v COF pp—> X vs=1.8 TeV !

3

2 1]

A ' N |
‘: A
B _ 1 & .l :‘I]-.
: o A9 - ¢ dici
1 M —— — ;*‘}
v "} e 9P s g et e et g ?i;;%"»” # 1 90]
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111 3 ! Ly &
& Al :
§ *
— -1
10 2 10

Good agreement theory-experiment

From low energy (Vs=20 GeV at CERN) to highest energies (1.96 TeV TevaTron)

Exception: E706, fixed target FNAL deviates from trend: exp problem?
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Direct photons LHC

(Isolated prompt photons)
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Good agreement data-theory also in p+p at LHC
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Towards hadron production:
Fragmentation Functions
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Direct measurement of fragmentation functions
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pQCD illustrated
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Note: difference p+p, e*+e-

pp = T +X, Vs=200 GeV

IO- -.-T]'I AT1 ‘]’-TT]I"“[:I ITTA‘[‘ITTI. L L3 Ll

10 > PHENIX (-0.35<y<0.35)
) s STAR (-0.5<y<0.5)
10 >, - BRAHMS (2.9<y<3)
IO'] : ‘:.;, » BRAHMS (3.25<y<3.35)| .
Eds e « STAR (y=3.3)
} 102 e » STAR (y=3.8)
o)
mb(GeV/c) ¢ :
10°
10”7}
10"
'7 All l LA L

p+p: steeply falling jet spectrum
Hadron spectrum convolution
of jet spectrum with fragmentation

| do
o dx

- t [}
Y . +X, v§s=91.2 GeV

ALEPH |
DELPHI :
OPAL | =
SLD :

I TS P PR PR PR PR L O ¥
2 03 04 05 06 07 08 09 1
X

e* + e QCD events: jets
have p=1/2 s
Directly measure frag function

30



Global analysis of FF

pions proton anti-proton
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De Florian, Sassot, Stratmann, PRD 76:074033, PRD75:114010

Some FF fits include RHIC data to constrain gluon fragmentation
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Fragmentation function fits

Gluon fragmentation quark (u) fragmentation
T 7771717 13 10 NE—7—7——7 77— 713 10
] d’Enterria et al, arXiv:1311.1415
RN R
@) F @) :
- -
gL gL
| 10 | 10
< <
T = 10%
T T
EQ 3 E;B 3
Q 107 N Q 107 F
O
102 | . ‘I._ .‘.\/‘E 102
5 BRSNS E ) ;
N u g v N o
N 10 T \‘F 10 5 10}
L At G AELAEE DR i
% 1L sl ] gﬁ 1 E
s A E
- i £ F= i ]
10-1.|.|.|.|.|.|.|.|.|.|10-1 10-1.|.|.|.|.|.|.|.|.|.\\/|10—1
00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0
< <

Fragmentation function fits based on e+e- have large uncertainty in gluon
fragmentation

Some groups use hadron production to further constrain FFs
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Adding the LHC data in the game

Kretzer fragmentation
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Mostly due to uncertainty in gluons: next step: use data to constrain gluon FF

Also note: large scale uncertainties at pr <5 GeV
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Heavy quark fragmentation

Light quarks Heavy quarks
e*e — T4X, V5=91.2 GeV B mesons af LEP
‘ 1 L] 1 |} ]' L) |4 . L] I | A ) ] 1 ‘[ L L ] L 3 1 ] 1] L
"‘l""l""l""I""l""l""g - .
— AKKII E : m = 475 GeV :
AKK . . vq* = 91.2 Cev -
- DSS 3 —
- HKNS ; . -
> ALEPH | - -
| do = DELPHI | 5 - % -
-2 0 « OPAL | 4 2 2
G dx » SLD | i 8 - )
o i -
1 —
10 N P PP P T A O 0-
00102 03 04 0.5 06 07 08 09 | e . . 1
. 0 02 0.4 0.8 0.8 1
Xy

Heavy quark fragmentation: leading heavy meson carries
large momentum fraction

Less gluon radiation than for light quarks, due to ‘dead cone’
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Dead cone effect

Radiated wave front cannot out-run source quark

ct
PR ] E— >
M\*
sin 9[)(3 =1-— ,32 — (f)

Heavy quark: § < 1

Result: minimum angle for radiation
= Mass regulates collinear divergence
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Heavy Quark Fragmentation |l

ete” — QX — HpX

O(A/m

non-perturbative
contribution

charm)

O(A/m

bottom

)

pQCD .

3.0 T L L LI | LI 4 T T
i NS | | l
BELLE D
o5 | CLEO D** i © ALEPH: <xp> = 0.
y T - - O SLD: <xg> = 0.709
g i ] 9 __ O DELPHI: <xg> = 0.7153 + 0.001
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S 1 |
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) . -
i
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Significant non-perturbative effects % =

seen even
In heavy quark fragmentation

+ ‘211+_xr l(:)g;r—(l“(ll_;)) (14+27)+
+  (3n-3)s(1-2)]} + O(B)
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Fragmentation and parton showers

MC event generators

implement ‘parton showers’
Longitudinal and transverse dynamics

L
Q
' S
O ' 5 0 C O
: S 0 o
High-energy S | >
|
parton I
(from hard scattering) :
|
|
|
|
|
|
|
large Q2 W Q ~ my ~ Aqcp

Analytical calculations: Fragmentation Function D(z, u) z=p,/Eje

Only longitudinal dynamics



Part Il: Nuclear Modification Factor R,
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Soft QCD matter and hard probes

Heavy-ion collisions produce
QCD matter

Dominated by soft partons
p~T~100-300 MeV

/

Hard-scatterings produce ‘quasi-free’ partons
=> |nitial-state production known from pQCD

= Probe medium through energy loss

‘Hard Probes’: sensitive to medium density, transport properties
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RHIC and LHC

RHIC, Brookhaven LHC. Geneva
Au+Au Vsy\= 200 GeV Pb+Pb Vsy\= 2760 GeV

First run: 2009/2010

Currently under maintenance

STAR, PHENIX, Restart 2015 with higher energy:
PHOBOS, BRAHMS pp Vs = 13 TeV, PbPb vsyy = 5.12 TeV
ALICE, ATLAS,
CMS, (LHCD)
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Intermezzo: Centrality
Nuclei are large compared to the range of strong force

Peripheral collision Central collision

top/side
vView:

b finite b~0 fm

@® @

Size of reaction zone, density depends on centrality:
Expect smaller/no QGP effects in peripheral collisions

front view:
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Centrality continued

peripheral central

Multiplicity distribution

|-
s Y STAR-spr=200-GeV
Ch N
& [\
I \\\
| —
E St
: N
| \.
1| g2 X 3
8833 § 8 g\
N8 & € |a| & |
|
10 )
: \
\
| A"

0 100 200 300 400 500 600 .
h

Experimental measure of centrality: multiplicity
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Nuclear geometry: Ny, Neoj

Two limiting possibilities:
- Each nucleon only interacts once, ‘wounded nucleons’
Noat =NatNg (ex:4+5=9+ ...)
Relevant for soft production; long timescales: o « N,
- Nucleons interact with all nucleons they encounter
Ny =naXng(ex:4x5=20+...)
Relevant for hard processes; short timescales: o « N,

43



Centrality dependence of hard processes

Total multiplicity: soft processes

Binary collisions weight
-

S E{An%ﬁg@ev towards small impact parameter
i f“\\ do/dN, 1200+
i E(QGGV AutAu V.-lu Au
10-25 N"""h-». 1000t ™ <*' coll >
¥ 300t |
ol e 28| & GO0 £ )
4 H B (N
8 8 ¢ |2 400 e
10" ZOOI‘ = __—-‘TO}SQ'%‘. b in fin
| B TN D s A v e

0 100 200 300 400 sotimsoo\ O 2 ,4 6 8 10 12 14

Rule of thumb for A+A collisions (A>40)
40% of the hard cross section
IS contained in the 10% most central collisions
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Testing volume (N,,,) scaling in Au+Au

Direct y spectra

PHENIX

10

¢ '

107"

@®p+pov+X
® Au+Au 0-10%— vy + X

RAA_N

llll]llllllllllllll

1072

P, (GeV)

Scaled by N,

0 5 10 15 20

PHENIX, PRL 94, 232301

S 2 ® 200 GeV Au+Au Direct Photon
S O 200 GeV Au+Au 1°

g 1.5

A

-----------------------------------------------

Hppdg g

®
-—A—‘—.

ot
o

150 200 250 300 350

100
CI) Centrality @Npa"

dN/de Au+ Au
dN / dp,

coll

ptp

Direct y in A+A scales with N,

A+A initial state is incoherent superposition of p+p for hard probes
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¥ Raa — high-pt suppression

1.6
2 PHENIX Preliminary = direct v, 0-10%

Au+Au,\'s,, =200 GeV ® % 0-10% (arXiv:0801.4020)
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=
= =
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0.8 *
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1 g p M o o 0 0 5 2 3 I} o2 o o 8 3 5 5 0 2.5 2 8l g 5500 50504 Pl |
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teractions
H .\ | . _____ >
_ B pp—>n®+X R Raa =
- I Au+Au 0-10%— 1° + X * } -
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p, (GeV) Rap < 1

Hard partons lose energy in the hot matter _
Hadrons: energy loss
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Nuclear modification factor

B ALICEN

-.l-‘j+++ + +

R = dN/dePb+Pb
AA
Ncoll dN/de pHp
1 3 Uy
- RHIC \s,, =200 GeV . ~  LHC sy, =276 TeV
ogl_ Au+Au0-10% W PHENIX = ogl_ Pb+Pb0-5%
06— 0.6 —
0.4 .- + 0.4}
i = n
0.2} u m B 0.2
0 i 1 | 1 | ] L ] L 0 T
0 5 10 15 0

20
P, (GeV)

Suppression factor 2-6
Significant pr-dependence

Similar at RHIC and LHC?

So what does it mean?

P, (GeV)
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Nuclear modification factor R,

o L N,
Ncoll dN/de pHp
|_
&
‘Energy loss’ g ‘Absorption’
e
4 ¥
— PP Downward shift
Shift spectrum to left
A+A
Pr

Measured R,, is a ratio of yields at a given p+
The physical mechanism is energy loss; shift of yield to lower p
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Getting a sense for the numbers — RHIC

n0 spectra Nuclear modification factor
~107
& I o3
S 102 e z = [ = pi?
'O'- i i x i T
::- . 3 0.8 B PHENIX =° =p;? ® AE=3.0GeV
5 )
S - ; i «p*? ® AE/E =0.23
= : }
Z8 10 e __ «p S 0.6 —
- N J . = B
o —— «p2? ® AE =3.0 GeV S -
«p®2 ® AEE = 0. 9 4 =
10-6_ n — < P_ ® AE/E =0.23 é 04_ - - + _
o - u + s
3 i ol EE = .-
~ 0.2f— N peEgEEE —
5 i
0 L L 1 1 'l 1 1 L L L L 1 1
0 5 10 15 2
] p, (GeV)
1070 Oversimplified calculation:
® Dep (PHEND) .. -Fit pp with power law |
B Au+Au 0-10% (PHENIX) -Apply energy shift or relative E loss
L R — S Not even a model !
0 5 10 15 20
p, (GeV)

Ball-park numbers: AE/E = 0.2, or AE = 3 GeV
for central collisions at RHIC
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From RHIC to LHC

RHIC: 200 GeV

LHC- 2 76 TeV per nucleon pair

Energy ~24 x higher

1/N,, 1/2r p_ dN/dp_

LHC: spectrum less steep,
larger p+ reach

1 dN

21t p, dp;

RHIC: n ~ 8.2
LHC:n~6.4

n-2 10

—n

X Pr

R,, depends on n, steeper spectra, smaller Ry,

\'Syy = 200 GeV 1° \sy, =2.76 TeV h

B 0-10% Au+Au @ 0-5% Pb+Pb
Ll P+P — P+p
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From RHIC to LHC

RHIC LHC

1 ‘E 1 6.4
o.s:— ® PHENIX =° o.s:— B ALICENW «p;‘
0.4:— .l.. /./_._*/_+— + + + + +
o.z:— ..l/.'"‘“"'/“_.‘ .l

I T E— 20 30 20 N (G;V.r;o

RHIC: n~ 8.2 LHC: n~6.4
4
(1-0.23)% =0.20 (1-0.23)" =032

Remember: still ‘getting a sense for the numbers’; this is not a model!
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Towards a more complete picture

Energy loss not single-valued, but a distribution
Geometry: density profile; path length distribution

Energy loss Is partonic, not hadronic
— Full modeling: medium modified shower

— Simple ansatz for leading hadrons: energy loss
followed by fragmentation

— Quark/gluon differences

To be continued... in the next lecture
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Summary

-+ QCD is a theory of quarks and gluons, but we
observe hadrons

- Hard scattering, large QZ: factorisation

- Short distance and long distance physics can be separated (to
some extent)

- Short distance: perturbative QCD
- Long distance: non-perturbative: PDFs, FFs

- Experimentally accessible ‘partonic’ observables:
- Jets
- Photons

- First high-Q2? measurements in heavy ion collisions:

-+ Hadron (charged particle) production: no Ncoi scaling; energy
loss

- Photon production: Ncoi scaling
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Extra slides



Jets and parton energy loss

Motivation: understand parton energy loss by tracking the gluon radiation

Out-of-cone radiation
F"AA<1

>

Incoming —aa
parton

In-cone radiation
Jet broadening

Qualitatively two scenarios:
1) In-cone radiation: Ry, = 1, change of fragmentation

2) Out-of-cone radiation: Ry, < 1
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Jets of fragments

Jets at LHC

ALICE

Clear peaks
from high-energy quarks and gluons

And a lot of uncorrelated ‘soft’ background



) dN/dA
ewvt

(1/N

Jet energy asymmetry

Centrality

) dN/dA
ewuv

(1/N

no
S

Jet-energy asymmetry 4, =

J
.

TVl Y Y

" 20-40%

Ez _El

e —
10-20% |

E,+E

J
o

S =276 TeV 0-10%
2 I ATLAS
~ D Pb+Pb’

++ Lint=1 N ub'1

(1/N

N

Large asymmetry seen

for central events

Suggests large energy loss: many GeV
~ compatible with expectations from RHIC+theory

However:

* Only measures reconstructed di-jets (don’t see lost jets)
* Not corrected for fluctuations from detector+background
» Both jets are intereracting — No simple observable

(79d) 2819 LLOL:AIXIe ‘SY 1LY
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gai, Sudo, PRD75:094009
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Full uncertainty analysis being pursued
Uncertainties increase at small and large z
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