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OUTLINE

1) Jet physics in vacuum
2) Interactions with the medium

3) Energy loss
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1) JET PHYSICS IN VACUUM

® basics
® parton splitting
® angular ordering

* [eading-logarithmic behavior



QCD: QUARKS AND GLUONS

Theory of quarks (fermions) and gluons (bosons) and their
Interactions.

Work in physical gauge (no ghosts).

/

a, L

J

® keep in mind: we observe hadrons!
® quarks and gluons are DOF’s in perturbation theory!

K. Tywoniuk (CERN) 4



QCD FACTORIZATION

P ® jet/hadron production
® separation of processes
P q - short-distance (perturbative)
& - long-distance (non-perturbative)
> ; ® hard matrix element

® corrections suppressed ~1/Q2

h ' 2 ' 2 ~1]—k k—h 2
oPP™ :f;(mlaQ )®f{g($27Q )(X>O-ZJ_> QD -~ (Z7Q )
parton distribution functions fragmentation function

These lectures will deal with the final-state evolution

(tomorrow: interactions, etc...)
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i1

How can we make sense of these “images”?
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GLUON PROPAGATOR
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M({Pout }s{Pin}) = / ((;711_?)14 ((;:)()4 (27)%8 (Pin — P0)(27)*8(p1 — Pout)

X V.({Pout }» 1) G* (p1,p0) Vo (Po, {Din })

* how do particles move from one vertex to another: propagator
e our example: gluons (quarks are completely analogous)

* play with momentum conservation: trade for time information

O

(27T)45(pin —po) = (27T)35(]5}1rl — Do) / dtg o~ 4P —Po )to

— OO
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A NOTE ON NOTATION

1
+ _ 2,0 3
Light-cone momenta/coordinates: 2 (P”+ 1)
p~ =p’ —p°
p= (p°,p,p°)
= (»",p",p)
Scalar product becomes: p-k=p 'k~ +p kT —p-k
dk+ d°k
Boost-invariant PS element: dQ), =
(2m)° 2pt
t <>zt
Shorthand: .
E & pt
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VACUUM PROPAGATOR

—1

G (p1,po) = (2m)*(p1 — po) d*” (p)

P2 + i€
Light-cone (physical) gauge: n-A=A" =0
» TP P’ +pint
A" (p) = Y (=1l (p)ey” (p) = ¢ - b n
A
= d"(p) + d""(p)d"™ (p) +d7” (p)
dizr(p)
Non-vanishing @
components: dy~(p) = — (72
2 )
__ p —q I & ij ij
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Longitudinal modes

d _ o sss "l
ap o~ iP (t1—to) _ 5(t1 _ tO)
27T Re R
® non-propagating (instantaneous) modes

® absorbed into higher-order vertices (e.qg. 4-point vertex)

A Iﬁ_
Transverse modes
* retarded propagator

® ic prescription (“adiabatic turn-oft”)

> dp_ —ie_ip_ (t1—to) —1 —i[i—ie} (t1—to)
= —0O(pT)O(t; —t 2pF te
/ 27 p? + i€ 2pt (p)Ot = fo)e

— OO
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M({pous} {P}) = (27)36(5 — Fous / dt, / dt,

< T (poua} ) 5 e BT T, i p)e P

1
ot
I ({Pout } P) = V({Pout }, p)d"* (p)

e we are |left with “effective” vertices (sandwiched between projection
operators)

e explicit time dependence
* hard vertex/short times: allow 7p—0 in the propagator

® propagator in mixed (transverse momentum & time) representation
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VERTEX STRUCTURE

k,zE abel v
= gf*°[g"*(=k — p)*
p, E 4’—< + 9" (p+q)”
BY (L 4 \P
q.(1—2)E +9 (k=]

Til(k — 2p, 2) = &7 (k)d* (p — k)V(k — p, —k, p)d°'(p)

pvp

1 . 1 .y g
— 2¢ fab¢ [—1 (k — 2p)'o’' + = (k — zp)? 6" — (k — zp)'6™
— Z Z
® vertex dependsonlyon k. =k — zp
® rotational (Galilean) symmetry

® similar procedure for quark splitting (dress with relevant
spinors)
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CUT PROPAGATOR

_Z . Re
s 210 (p* P Pout .
p2 _|_ ie 7 LT (p ) '. )( out ‘
® no time ordering

® NO I€ prescription

O

M({pouc} {p)) = 5 @r0F — o) [ drve 50T ()

— OO

></ dtg e(p+ TPy, £ 1)

O

(27T)35(ﬁ— ﬁout)M* x M

B 1

= 37

A-momentum conservation is restored in the absence
of further interactions!
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SPLITTING AMPLITUDE

p, E @

©2 1 —i[

i AP—k) abc
(CLk‘Ml‘p) (27‘-)35(1? k o q)/ dte 27 Ete 2(1 S Fngk (k R 2K ) 2E

! abC > . (k—zp)? t o€t
2E (QW) O(p - k- q) Fzyk( — Zp, 2) dt e'2z0-2)F
0

Time-scale for splitting

(formation time): kK2,  m?
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1-GLUON SPECTRUM

do 1 o do
/ ian, ~ 2 M g,
&
2(1 — 2
(kM Jp) = i 22— 2 pabe( o 2y

We will focus on the soft limit: z K1

2 o 8
P,,;jl:;gfab%f' 0 = 1?2~ 2L NL(N2 1)K

rel rel

[For finite z, we would obtain the Altarelli-Parisi splitting function.]

<N, dz dk>
Spectrum of emitted gluons:  dN ~ @ < 2rel
n < krel

Proportional to strong coupling constant & color factor of emitter.
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Spectrum is suppressed by as: why should we care?

a;N,. dz db
™ z 0

dN = 2

Soft emission: . B8

Collinear emission: e SBO00

In both cases, the spectrum diverges!?

Perturbative condition: k1 < Qo ~ Aqecp
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p— — log -
QO/E L JQo/(zE) 6) T Qo

® smallness of the coupling constant compensated
by large phase space

- double-logarithmic approximation
- improvements include single-log contributions

Intra-jet processes: Inter-jet processes:
kl < kT < pt k| ~ kT ~ pT
N~ Zlog?E>1 N~Z <1
A 4
log resummations (N...LL) fixed-order (N...LO)
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MULTI-GLUON EMISSIONS

C e e e o— e

® soft & collinear emissions: need to consider
emissions of multiple gluons

® can we simply reiterate single-emission formula?

® for photons in QED: yes!

® for gluons in QCD: no! there are interterences!
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ANTENNA SPECTRUM

(k‘M‘pLPZ) = 2¢

quark (co

gluon (co

) k — Wi k — wWrno |
ke —om)? T Pk —wna)?
or) charge Q, = Cr
or) charge Qz =Ca

n, =p,/E;

1
Q7+ 954200, =035 = Ql-Q2:§(Q§—Q§—Q?)
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RESTRICTION OF PHASE SPACE

(k| M|p1,p2)|° = 447 Q1P + Q5P2 + Q3P0

Coherent spectrum P11 = ! [1 (b —wny) - (k- Wfl2)]

(k —wnq)? (k — wng)?
27T
do 1
— P11 = ——06(015 — 0
| 5o Pi= O~
asN, dz dk2, asN, dz dk2,
dN = - . k2 — dN ~ - - k2 @((912 — Qk)

rel rel
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COLOR MAGIC

large-angle emissions
are restored with the
total charge!

Quark @ small angles Gluon @ large angles

In MCs, this is implemented as condition of angular
ordered emissions.
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QCD PARTON SHOWER

Leading-logarithmic approximation: (strongly) ordered in
energies, angles and, therefore, formation times

transverse
Q ~ ER ) Q ~ Aqco
scale

-

Q)

L0 Q

by 25

D)

f3 2 S

.

5 O

D)

time- 1 E

by ~ — by ~ A2

scale E QCD
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A extensive “technology” developed to make sense of images
such as these:
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SUMMARY

® separation of short- and long-distance
processes

- perturbative calculations w/ quarks & gluons
® gluon emissions
- bring about (IR) divergencies
- soft & collinear radiation: we have to resum
multiple emissions

= perturbative evolution
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