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QCD: QUARKS AND GLUONS
! QCD :: large-N. diagrams

Quarks Gluons

® keep In mind: we observe hadrons!

® quarks and gluons are DOF's in perturbation theory!
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HARD PROBES

® there Is a hard scale in the problem: Q>/qcb

— separation of long and short-distance
DroCESSeS

— uncertainty principle (ApAx = 1)

size ~ momentum-!

= 1] 1] t L2 -
ormation time. — = A 0
T QQ @2

ife-time In particle rest frame J L boost to lab frame
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COUPLING: ASYMPTOTIC FREEDOM

0.5

o QCD is weakly coupled at small
wr— distances — strongly coupled at

& 4A Deep Inelastic Scattering .

rt). e*e™ Annihilation i |arge d|StanceS

Hadron Collisions

0.4F \

2 ® Heavy Quarkania

- "free” particles at short

) :
3l g _ distances!
2 N\ s ::.gj_
) N ] @ — gluons & quarks
el ‘ \t\iz ® can use perturbation theory
%‘ﬂ G - when there Is a large scale in the
B . ‘
N - o problem
&= QCD AMZ) =0.1189 £ 0.0014) ' . .
| . ],: - ® unfortunately, In many interesting

0 [GeV] situations this 1s not the case...
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DIFFERENT COLLISION SYSTEMS

* jets (time-like branching):
fragmentation functions

* resonance production

* clean environment for
testing QCD

* soft physics: particles in
between jets,
interference phenomena
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DIFFERENT COLLISION SYSTEMS

* jets (time-like branching): e deep inelastic scattering
fragmentation functions e parton distribution
* resonance production functions (space-like

* clean environment for branchlng)::r;ed
testing QCD structure of hadrons

* playground for QCD:
could also involve non-
linear phenomena at HE

* soft physics: particles in
between jets,
interference phenomena
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DIFFERENT COLLISION SYSTEMS

g
g
¢ jets (t|me'||ke branChing): ¢ deep inelastic scattering e factorisation theorems:
fragmentation functions e parton distribution separation of long- and
* resonance production functions (space-like short-distance processes
* clean environment for branchmg):;:r;‘ed * hard physics: jets, heavy
testing QCD structure of hadrons quarks, e.tc' | |
: : : * playground for QCD: * soft physics: diffraction,
* soft physics: particles in . :
b ) could also involve non- underlying event
etween Jets, linear phenomena at HE * collective phenomena!?

interference phenomena
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QCD FACTORISATION

5P+ o hadron production

® separation of processes

P — short-distance (perturbative)
) o — long-distance (non-perturbative)
q — universal distributions

D ® hard matrix element

® corrections suppressed ~1/Q?

PPN = i@y, Q%) @ fi (w2, Q%) ® 6 @ DF(2, Q%)

parton distribution functions fragmentation function

O we don't know how to compute PDF's/FF's!
O but we know how to evolve perturbatively!
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ELECTRON-POSITRON COLLISIONS

a2 02 A2 5
do eme(1+60826’) = 0= SSeme

d cos 6 B 25

o(eTe~ — hadrons) _ > po(efe” — ff) _

R = N, ;
o(ete” = ptp=)  olete” = ptp) Zf: “I

remarkably simple relation!

K. Tywoniuk (CERN) 8



Q?? calculating quarks, but measure hadrons!?

e short collision time teoll ™ 1/\/§

e hadronisation effects suppressed as 6(m%s)  thadr ~ v/s/m’
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RADIATIV

- CORR

—C TIONS

® next gluon emission — next order N ;s

and real emission contributions are
separately IR divergent

- divergences cancel when summing the two

— happens always for inclusive observables
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Flavor | Mass(GeV/cd| Elect. Charoe

, N T
e BT 5 Iy | [ 4(28) <
tbp 180 +213 Z .
T 47 13 -
10| E
R
0 E :
(= need to Include =
- ete—/Z—qq i
i I \ [ ‘ 1
10 >
10
2 if 0<3 GeV
84
R= N, Z Q?c {1 | S} Roy| 33 for 3 GeV=0=<10 GeV
70
f 324 for 10 GeV=Q
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PART 1) QCD RADIATION



e these |lectures will deal with “real’” emissions
— |n vacuum
— In medium

- how to deal with interference effects and re-
sum multiple radiation

® aim:to know the fundamental splitting
processes & establish a probabllistic picture

- calculate jet spectra + other observables
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GLUON EMISSION

g1
k ® apparently suppressed by two
addrtional power of the coupling
> p constant (in the cross section)
i (p+ )
M = u(p)e) (k) — igt*~y* M
i u(p)e;, (k) ( —ig v)<p+k)2+i€z .
Work in light-cone coordinates: p* = % (p° £ p°)

p-k:p+k_—|—p_k+—p-k
1 1
= 5(190 +p)(K° — k) + 5(190 — p*)(k° + k%) — p"k* — pYkY

:poko _pa:k:c _pyky _pzkz

High-energy approximation:
soft & collinear radiation

pt >kt >k
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¢

w(p)¢ (p+ k) ~ alp)¢p = 2u(p)p - € — u(p)p¢
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u(p)¢ (p+ k) ~ u(p)ép = 2u(p)p - € — u(p)p¢

Anti-commutation relation: >

{77 = 29" = Ay = 29" — 4K
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u(p)¢ (p+ k) ~ u(p)ép = 2u(p)p - € — u(p)p¢

Anti-commutation relation:

{77 = 29" = Ay = 29" — 4K

Dirac equation: I_L(p)p = 0

K. Tywoniuk (CERN) |5



u(p)¢ (p+ k) ~ u(p)ép = 2u(p)p - € — u(p)p¢

Anti-commutation relation:

{77 = 29" = Ay = 29" — 4K

Dirac equation: I_L(p)p =0

On-shell condition:  (p+k)* =p* +k*+2p-k=2p-k
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u(p)¢ (p+ k) ~ u(p)ép = 2u(p)p - € — u(p)p¢

Anti-commutation relation:

{77 = 29" = Ay = 29" — 4K

Dirac equation: I_L(p)p =0

On-shell condition:  (p+k)* =p* +k*+2p-k=2p-k

iM = u(p)iMy, (gt*) p-e(k)

o - M T
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Calculating the cross section:

22k 3 = 2 ME = ML (2m)° (k)
\

average over: incoming (quark) color
sum over: outgoing spin and polarisation

dN
dk+ A%k,

Exercise |) show that

dN g 1 1

Akt d’k 72kt K

Exercise Il) use the uncertainty principle to calculate the duration
of the g—qg+g splitting process
HINT: use three-momentum conservation!
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SOLUTION: EXERCISE |l)

ZIZ’E,]fJ_ ) o
EapJ_ ({)é . (1_'33)E,pj_—kj_ E:\/kJ‘—|_(k)

AE = Va2E2 + B2+ /(1 — 2)?E? + (k + p)? — VE? + p?

K (k+p)° p*
_ (k+ap)
2$2(1—x)E -
k 1 2W
p:O . 1
L 002
\_
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k _ kT

New variables: 0 = o T = }F

dkTd’k — ptdz (k7)%6d0dy
Small-angle approx:
relax soft condition,

replaced by Altarelli-Parisi
dN QCVSCF 11 splitting function
— 2
dx d6f T x0 ~ = P(x)

Proportional to colour factor & coupling constant

Soft divergence: X—0 e B,
Collinear divergence: =0 —e—e—ast00



aSCF / / a,Cr . o E
= = log® —
Q0o/E T JQu/(zE) '9 T Qo

® smallness of the coupling constant compensated by
large phase space

- double-logarithmic approximation

- further improvements will include single-log
contributions

Intra-jet processes: Inter-jet processes:
kL < kT < pt ki ~ kT ~ ptT
N~ Zlog?2E>1 N~Z <l
s (s
log resummations (N...LL) fixed-order (N...LO)
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PART 2) INTER

-ERENC

~C TS5 IN VACUUM




MULTI-GLUON EMISSIONS

L T e T ]

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

e can we simply rerterate single-emission formula?
— for photons in QED: yes!

— for gluons in QCD: not so fast!
- there are interferences!

AR
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CURRENT

1M = u(p)iMpy (gt“)p;(:) >MW< ® &

factorisation!

Defining a current: p
proportional to the colour Jia’“(k) = Q¢ Zk
charge of the emitter D -
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CURRENT

1M = u(p)iMpy (gt“)p;(:) >MW< ® &

factorisation!

Defining a current: p
proportional to the colour Jf’”“(k) = Q¢ Zk
charge of the emitter D -

Emission off two quarks is simply a sum:

P p . .

. , | 1Mggg = iMgg T12(k) - (k)
’ —I_ K .c

H p

P> P2 j,u k) = ¢gQ° P | a P2

12(k) =g Lok g 2 g - K
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COLOUR CHARGE ALGEBRA

conservation of colour charge Q7 + Q5 = 9

2
quark colour charge  Q; = Cp

2 __
oluon colour charge Q, =04

2

1
Q1 +Q3+221-Q,=0Q; = Q- Q,= (29— 9))

Qi =035=Cp,and Q5 =C, forg—q+7
Qi =05=0:=Cy forg—g+g
Qi =03=Cp,and Q5=C4 forq—q+g
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he current is transverse: J -e€=J1 - € v =1
(see Exercise )

2 Vi — V1
Ji2.1 = — |97 - Q5

kT | 1(vk—v1)2

it p1—p2, or 99—0, does the current vanish?

2 v — v
v1=v2 L+ (v — V1)

J12.1 |

a a Not unless
2 [Ql T QQ] colour cancels!
HF_J
a
Qs
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(Maggl” = IMggl® > Trar e (Jiz,1 - €x) o
A ng\gf\ = 0"
A

2 2
= | Mgql™ |T12,1]
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Maagl” = Mag|” > Tz -ex(Jiz,1 - €x)"
A

E esey = 0¥
\

= [Mgyql” |Tr2, 1|
; 1 OF Q5 (v — v1) - (Vg — V2) }
| J12.1|” = ()2 {('Uk ~oy)? —- (or — v3)? + 201 - 9o (05 — 01)2 (05 — 03)?
el Q- Q= (93— 97— Q3)/2
1
= )2 Q7P1 + Q3P2 + Q7I1o]
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Maggl” = [Mgl™ Y Tr2.1 - ex(Fra - €x)"
A

E esey = 0¥
\

= [Moql” |Tr2,1 |
2 1 Q7 Q3 (Ve — v1) - (Vg — Vo)
T2, L[ = Gy {m “o? T o — w2 TP o 02w v2>2}
el Q- Q= (93— 97— Q3)/2

1

= )2 Q7P1 + Q3P2 + Q7I1o]
Coherent spectrum

Pi = Ri — 12
_ 4 1_(vk—fv1)-(ka—fv2)
(Vg — v;)° (Vg — v2)?
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Maagl” = Mag|” > Tz -ex(Jiz,1 - €x)"
A

E esey = 0¥
\

= |Myg|” |Trz, o |
2 4 O % (v — v1) - (Vg — V2) }
| J12.1 | ()2 {('Uk ~oy)? + (or — v3)? + 2071 - 9o (05 — 01)2 (05 — 03)?
el Q- Q= (93— 97— Q3)/2
1
= )2 Q7P1 + Q3P2 + Q7I1o]
Coherent spectrum Independent & interference
4
Pi = 'Ri — 112 Ri = @ — )7
— 4 1_(ka—fv1)-(ka—fv2) Teo — (v, —v1) - (v — v2)
(VR — v;)? (Vg — v2)? 2 (v — v1)? (Vi — v2)?

K. Tywoniuk (CERN) 25



(v —v;)? =2(1 — vy, - v;)
Notation: angles — 2(1 — cos 6;)

= ZCLZ'
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(v —v;)? =2(1 — vy, - v;)
Notation: angles — 2(1 — cos 6;)
— ZCL@'

Coherent spectrum: diverges only in the direction of quark |

D 1 T Sz N for ag — 0 (a2 — a2)
l_CLl a9 ' 0 for az%()(algéal)
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(v —v;)? =2(1 — vy, - v;)
Notation: angles — 2(1 — cos 6;)
— ZCLZ'

Coherent spectrum: diverges only in the direction of quark |

1 (1_CL1—6L12> \{OO fora1—>0(a12%a2)

Pl - a_l a9 0 for as — 0 (a12 — CL1)

Exercise V) put quark | on the z-axis and prove that

27T d 2
/ p = 0015 — 0
0

21~ 1 —cosb,
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(v —v;)? =2(1 — vy, - v;)
Notation: angles — 2(1 — cos 6;)
— ZCLZ'

Coherent spectrum: diverges only in the direction of quark |

1 (1_CL1—CL12> \{OO fora1—>0(a12%a2)

Pl - a_l a9 0 for as — 0 (a12 — CL1)

Exercise V) put quark | on the z-axis and prove that

T dy 2
/0 %Pl 1 —cost @(912 B 91)
Independent Coherent
dN,  2a,CF 11 = dN, 20,CFf1 1@(9 9)
dzedd 7 0 dedd 7 x6 ‘7
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ANGULAR ORDERING

12 f
dN, 20,Cp 11 o 10
s~ x 20 %0 3 8f
;7 6:- vacuum
© 4l
® Interference effects = coherence ,33_., N coherence
imit phase space of emissions ) |
® antenna grows during formation
time
® if gluon is"too big’ i doesn’t
resolve the individual charges of
the antenna, resolves total charge N~ 1 _ 1 04, — o
. wh T ot = wh?
® if gluon is“small” :: resolves the
individual charges A <r; —0< 6’0

K. Tywoniuk (CERN) 27



COLOUR CHARGED ANTENNA

: k K q k q large-angle emissions
W‘Q: - = are restored with the
g q q q total charge!

1
|jg—>qc7,J_|2 = ()2 CrP1+ CrpPy + CaZio)

/

total charge = gluon chargel

K. Tywoniuk (CERN) 28



COLOUR CHARGED ANTENNA

: k K q k large-angle emissions
”m<;/ + = / are restored with the
g q q q total charge!

g g

1
|jg—>qc7,J_|2 = ()2 CrP1+ CrpPy + CaZio)

/

total charge = gluon chargel

Small angles: quarks
ng (XSCF
o, X
dwd?k | ks

- (¢ — q)
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COLOUR CHARGED ANTENNA

M/‘Qq k K q d}, q large-angle emissions
+ = are restored with the
9 q q total charge!
I 4

g

1

2
Tg—qa, L] = ()2 CrpP1+ CrP1 + C/LAIH]
total charge = gluon chargel

Small angles: quarks Large angles: gluon

ng a;Cr dN asC'y
I -~ g S
Cdwdk, k2 (4= ) Cdod?ky KD
0 K 9(](] (kJ_ <K wﬁqg) 0> qu (kJ_ > W(gqq)

K. Tywoniuk (CERN) 28



PART 3) JET SHOWER
"VOLUTION EQUATION
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-
-

L]
-..
...

"
—-
-

-~
-~
el
-

-~
-~
il ]
D
-~
-
il ]
el
-~
-~ .,

Global jet scales
M = E@jet

QO ~ AQCD
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Global jet scales

MJ_ — E@jet

Qo ~ Agcp
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1 —100
thadN ( fm = 5 — 500 fm

Global jet scales 0.2)-5

MJ_ — E@jet

Qo ~ Agcp
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SPLITTING PROBABILITY

AN COrll
wdd - CFN@(@O ~9)
7>
N dAPPe = %PEC(z)dzdg@(eo —9)
7C

. i 6o 1 |
Sudakov form factor: A (Bo.0) = exp _/ de’/ a3 dpee
probability of no splitting - Je 0 s ]

for now we will only consider gluon branching!

Altarelli-Parisi splitting functions (z=1-x)

P49 P4 P99
! 14 27 J L 2 ¥ 1 —2(1 — 2))*
@ Cr T /0-50\<§(z + (1 — 2)%) m@@ﬁ 2(1(_2) )

K. Tywoniuk (CERN) 3




GAIN & LOSS TERMS

K. Tywoniuk (CERN)

R—L

Loss term @ in course of a

branching, the distribution

of particles at x and zE is
depleted by a splitting
(virtual contribution)

Gain term :: particle formed
within a sub-jet of energy E’=zF
and scale k’1=zFE0, whose

distribution is probed at &

X
oM, 1 « x
3DG = /x dz5—P(2)D (;,ZMJ_)

5MJ_ v 87
5§Dy, = D (z, M dz 2 p
L= =SrD@M) [ P

32



QCD EVOLUTION EQUATION

M, d]\(ZLD(:U,ML) = /1@120‘(“)13(,2) {D (QZML) - %D(x,ML)}

. 2T z

kJ_:Z(l_Z)MJ_

® coherent evolution: angular ordering
- Double-Log Approximation

- Modified Leading-Log Approximation

® resulting distribution has a maximum
— suppression of the yield of soft particles

® similar to conventional DGLAFP equation (which does
not have angular ordering built in)
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Interjet distribution: soft particles in the jet

8 __C+C_Z -,L- 455' oo
- % LEP 206 GeV LT T 4F E]
- % LEP 189 GeV ‘f ) - c.>
7 C'm LEPI133GevV AT ‘ 35F §
- O LEP91 GeV //,‘,,e.,, e\l 3 2
6 [V TOPAZSSGev T Yl
[ 0 TASSO 44 GeV __ R V! 250 *
" A TASSO 35 GeV b NS v ot DIS: E
5 [ A TASS022GeV :‘.A.'¢' TR +| ) : —  MLLA QCD, aty(M2)=0.118 ]
S PDIS: “QQA A o | 1.5F E
Q * 2 KT -Y- _L_ L % ]
S [ ¥ HU 100-8000Gev: i \¢- "+ < S P B
S 4 [ @ zEUS's0-160Gev:  _4F A \\ ¥ ° | 2 3 5 7 10 20 30 5070100 200
L O ZEUS’ 4080 GeV22 //9 * VY ° F L Vs [GeV]
— [ 4 HI" 12100 GeV é . Koy o4 » £ th |
3 b % ZEUS 1020 GeV? ** ) o position of the peak
[ Y, A &
‘/‘A‘I‘. *_ v + _+_
[ s | A=) + +
i,,éw"‘ ay Ay B
M =, T *i PO ’h&u
1 — ',/4*’ Y " _A__A_ A0
I /:T' I \ < _,_ ) ¢ %% A
- G, o2 x . O e
- il ¥ Teeg e  Fx (4 )
oonb RN | o o 1S Flam;unl.n.l.n.%i%w-w- [ b | d |
(TS B R T S S umpbacked plateau
E=In(1/x p)
hard > soft
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PART 1) INTERACTIONS WITH
MEDIUM




>
()
[
<

0
N
AR
O
mn
_|
T
QO
()

O

Simplest case g« | (mostly perturbative)



IN THE MEDIUM

|. Momentum broadening

(k1) ~ gt T LT
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IN THE MEDIUM

|. Momentum broadening

2. Color rotations
N[%

decoherence

K. Tywoniuk (CERN)

L1

|—)\—|

L

> —»>

medium
scattering
center
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EIKONAL INTERACTIONS

spin
U)\/
3 ~ (ig,) (2p") A (@
Abu .
c ,J‘p polarilzation
g +)5)\,)\’ fa'bCAC(ZE—l_
Abl/ .

K. Tywoniuk (CERN) 39

e conservation of energy
during scattering

,q) * elastic energy loss can
be neglected at high
energies

,q) * no spin-flip or change of
polarisation

* color precession



EIKONAL INT

g U)\/
Abu L
Wbém‘ﬁ € ’J<P
Abl/ L

SRV NS

K. Tywoniuk (CERN)

~ (igs)(2p

"RACTIONS

e conservation of energy
>Rif during scattering

N
T)6M 12 A%(xT,q) o elastic energy loss can
be neglected at high

polarization energies

"
(2pT)6M f*°A%(zT, q) * no spin-flip or change of

polarisation

* color precession

pt > |q| > q"
boost
AP () A% = A%z, x)

39



WILSON LINES

K. Tywoniuk (CERN)

quark probe:

gluon probe:

Uz, x;x) = Pexp

10 /

T

+
0]

l J

—_——————
a b
. )

dsT - Als, 2(s))

colour matrix: describes colour rotation
taking place from inrtial to final point

40

y  (T%)j=1%;

ab (Tc)ab:l‘faCb



WILSON LINES

quark probe: j
K—XK—X—XX—XHK—
oluon probe: g b
e 145 (T9)5=19
Uz, x;x) = Pexp igS/ dsT - A(s,x(s))
g lab (T¢)ap=i foct

colour matrix: describes colour rotation
taking place from inrtial to final point

for physical processes: colour singlet

S(x—y) ~U(z)U'(y)

normalisation  S(0) =1

K. Tywoniuk (CERN) 40



BROADENING
¢
e Green’s function for propagation in the medium W

- EOM Schrodinger’s equation in 2D i @
® solution in form of a path integral ¢
— accounts for fluctuations around the eikonal

path

0L A(t :L') G(x,t;x0,t9) = 10(t — t9)d(x — xq)

[ | | ) 5 Uy ) — 1 o o

"ot 2 g _ 05 L0 0 0
r(t)==x T B[t

atnte) = [ Drew|iy [ asie)| Ullro)
r(to)=axo | to
r(t)==x rrt E

= / Dr exp 4 / ds [257“2(3) + 19T - A(s,r(s))] }

r(to)=axo A

K. Tywoniuk (CERN) 4]



MEDIUM AV

medium average:

K. Tywoniuk (CERN)

42

transport coefficient

/



MEDIUM AVERAGE

medium average:  1m— 1t1“<U(0)UT(fB)> ~ exp {_Z /dSQA(S)f(%)}

transport coefficient /

(AY (x5 @) A ("1 q)) = 6" mbn(z™) §(zt —2'") (2m)*3(q — ¢')V(q)

Yukawa screening

Medium potential: Tt (g tm2)?

V(g) ~q~*

Hard- Thermal-Loop screening

q—4%q—2(q2_|_m2 )—1

K. Tywoniuk (CERN) 42



MEDIUM AVERAGE

medium average:  1m— 1t1“<U(0)UT(fB)> ~ exp {—i /dSQA(S)f(%)}

transport coefficient /

(AY (x5 @) A ("1 q)) = 6" mbn(z™) §(zt —2'") (2m)*3(q — ¢')V(q)

| | Yukawa screening
Medium potential:

1}( ) » q—4__>(q2_%7n2)—2
q) ~ q

Hard- Thermal-Loop screening

—4 —2/ 2 2\—1
L . g —q “(¢°+mp)
Definition of g

) d” m?
G~ n(ﬂ?+)/( L q*V(q) ~ L2

K. Tywoniuk (CERN) 42



PART 2) M
RA

-DIUM-INDUC

DIATION




RADIATIV

PROCESSES IN T = MEDIUM

(p + k
e additional radiation from \ @66
iNnteractions with the medium

® |n vacuum: radiation due to off-shellness

— hard process accelerates the particle to the
speed of light

® in medium: an on-shell quark/gluon can radiate

— transverse momentum of emitted gluon
from accumulated kicks in the medium

e for jet quenching: accelerate a particle through
a QGP!

K. Tywoniuk (CERN) 44



GLUON RADIATION: AMPLITUDE

91 (p k) = T At Gk, LK 1|2 E)
M. (P F) /,cpp/o Gtk Lok 2B g

x [G(p, L;p — K, t|(1 — 2)E) V{, o (K — 2p',2) G(p', t;py, 0| E)] " MY, (po)

K. Tywoniuk (CERN) 45



GLUON RADIATION: AMPLITUDE

91 (p k) = T At Gk, LK 1|2 E)
M. (P F) /,cpp/o Gtk Lok 2B g

x [G(p,Lip/ — K t|(1 = 2)E) VY, o (K — 2p',2) G(D', t: py, 0| E) | M, (o)
hard vertex
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GLUON RADIATION: AMPLITUDE

(a,2) — T At Gk, LK 1|2 E)
M. (P F) /,cpp/o Gtk Lok 2B g

X [Q(p, L;p — k' t|1 - 2)E) Vf,s,s,(k’ —2p’,2)G(P', t; Py, O\E)}w M?;, (po)
initial quark  hard vertex
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91 (p k) = T At Gk, LK 1|2 E)
M. (P F) /,cpp/o Gtk Lok 2B g
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GLUON RADIATION: AMPLITUDE

91 (p k) = T At Gk, LK 1|2 E)
M. (P F) /kpp/o Gtk Lok 2B g

X [Q(p, L;p — k' t|1 - 2)E) Vf,s,s,(k’ —2p',2)G(p', t; Dy, O\E)}w M?;, (po)
final quark propagator  radiation vertex  initial quark  hard vertex
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GLUON RADIATION: AMPLITUDE

gluon propagator

(@) (p, k) = T At Gk, LK 1] By L
M. (P F) /kpp/o otk Lk =BT

X [Q(p, L;p — k' t|1 - 2)E) Vf,s,s,(k’ —2p',2)G(p', t; Dy, O\E)}w M?;, (po)
final quark propagator  radiation vertex  initial quark  hard vertex
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QUALITATIVE: MULTIPLE SCATTERINGS

| L 1
mzL = kpr  Longitudinal coherence
—

induces a characteristic formation

j\ j\ E\ time larger than mean free path

— 1ty = % ~ %—' tbr — )\mprcoh } tbr — w/(j

]{112) — ,UQNcoh k%r — \/ (jw

r

| andau-Pomeranchuk-Migdal effect

* soft gluons are produced with very short times ¢ ~ V!

* opposite to vacuum (at finite angle)  ~ 1/w9?
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BDMPS-/ SPECTRUM

)lmfp Amfp /‘lmfp.
————

tbr
i >
0 L
AN V=1 L a L au? ANIFPM g \ﬁ
W 0.6 — . — A =
dwdl ™ Mt teon dmmy @ 7 “dwdar “m Vo
o . 1
Characteristic (maximal) gluon energy:  w, = §qL2
d]ind 200 CR We 2
W W ~ 22 < spectrum strongly suppressed
> we s R (2] sp gly supp
: : t )\ WBH _\24 2
Bethe-Hertler regme br ™~ Amfp i N T wsr= A~ Amp
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MULTIPLICITY

N

We = qAL2

rare emissions,
hard BDMPS

copious production,

need for resummation,

multiplicity above a certain energy w large fluctuations

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996),
Wiedemann (2000), Gyulassy, Levai, Vitev (2000), Arnold, Moore, Yaffe (2001)

we = aGL*
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MULTIPLICITY

N

Colour flow diagram
Note: all lines are dressed propagators (Wilson lines)

- (%)

—\/ wC:qL2
— wc/w

N(wo) ~O@) [

N(ws) N 0(1) copious production,

need for resummation,

multiplicity above a certain energy w large fluctuations

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996),
Wiedemann (2000), Gyulassy, Levai, Vitev (2000), Arnold, Moore, Yaffe (2001)

we = aGL*
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TWO R

-GIM

thr(we) ~ O(L)

thr(ws) ~ aO(L)

takes a long time to form,
emerge at the end of the
medium

produced rapidly, further
branching highly probable

Blaizot, Mehtar-Tani, lancu PRL (201 3)

J

K. Tywoniuk (CERN)
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-GIM

=S

takes a long time to form,

tbr (wc) ~ O (L) emerge at the end of the

medium

— produced rapidly, further
tbl’ (wS) ~ OéO (L) branching highly probable

Blaizot, Mehtar-Tani, lancu PRL (201 3)
J

-

Blaizot, Fister; Mehtar-Tani NPA (2015); Kurkela, Wiedemann PLB (2015); lancu, VWu JHEP (2015);...

~

1
Hbr(wc) ™~ Q\LS — 6)0 minimal angle!

1
a3/ 2

9 energy transported to
C parametrically large angles

Hbr (ws ) ~

K. Tywoniuk (CERN)
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FACTORISATION

Emerging picture:

® for tpr<L we can separate two processes

- branching

— broadening (we will neglect this at the
moment since we are only interested in energy

spectra)
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FACTORISATION

Emerging picture:

® for tpr<L we can separate two processes

- branching

— broadening (we will neglect this at the
moment since we are only interested in energy

spectra)

2
8
Ly Stf

= subsequent emissions are independent
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ENERGY-LOSS PROBABILITY

O (e

VWe have to deal with primary emissions off the hard particle!
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ENERGY-LOSS PROBABILITY

T e (e

VWe have to deal with primary emissions off the hard particle!

Resumming multiple emissions = solving evolution equation for the energy
loss probability

o, >C - dJf >C dl |
(67 ) /() w_dwdt (w)/() W dw/dt_‘ (6 w’ )
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ENERGY-LOSS PROBABILITY

T e (e

VWe have to deal with primary emissions off the hard particle!

Resumming multiple emissions = solving evolution equation for the energy
loss probability

o © Tdr © 4
— P(e,t) = d 0 dow’ Ple —w,t
TSR /0 “ | dwa (@) /O “ dw'dt ] (€=, 1)

Energy loss dominated by typical gluon energy w, = @QQLZ

P(e,L) = |/ =2e "¢
€
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SINGLE-PARTICLE ENERGY LOSS

FR——

A

o] 1.6_| I T T T | I I I T T T | I I I _I
% i Vs=5.02TeV ® 0-5% @ 5-10% ® 10-30% ® 30-50% @ 50-70%
= 1.4: \5=2.76 TeV * 0-5% * 5-10% * 10-30% * 30-50% * 50-70% |
[ Vems02Tev v oR0 1 Bias due to steeply falling spectrum (w/index n)
1.21 Vs =5.02 TeV W 0-100% D ]
B - model 7]
1__ ................................................................ PN dN > dNO (E _|_ E)
i . - = de P(E, L) ;
_ ’* - dE 0 dE
0.8~ —
0.6 — .
i y Ratio: only two scales
0.4 .
. ]
0.2_—%,::':“ - Q(E) = exp / / d dt}
- AR i E/(mn) W
O_I | I I T | | | | I I T | | | | _I
107 1
Arleo arXiv:1703.10852 o / N, Baier, Dokshitzer, Mueller, Schiff (2001), Salgado, Wiedemann (2003)
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EMISSIONS

multiple emission regime

¢
te<t, = — < L
0

Baier, Mueller, Schiff, Son (2001), Jeon Moore (2003),
Blaizot, Dominguez, lancu, Mehtar-Tani (2014)



T RACING THE SOFT EMISSIONS

-~ __\\/
AN
\

9%

/
/
| \
[
|
|
|
Ve
\ ! i
\
\ / [
’ \
~ 7 —~§_ '_/
2< e A A
, \
l
/

|

'_tf_' o /\\—

=

\\ /
' t*

* probabllistic picture
Blaizot, Dominguez, lancu, Mehtar-Tani arXiv:1511:5823

* turbulent cascade: energy taken away
from projectile into soft particles at
large angles

* large fluctuations

Escbedo, lancu arXiv:1601.03629 ,1609.06104

* |[R: thermalisation (bottom-up)

lancu, Wu arXiv:1506.07871; ...
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multiple emission regime

¢
te < t, = - <« L
(s

Baier, Mueller, Schiff, Son (2001), Jeon Moore (2003),
Blaizot, Dominguez, lancu, Mehtar-Tani (2014)

Blaizot, Mehtar-Tani arXiv:1503.05958

100

D(x,T)

0.01 — —
0.001 1
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JET QU

-NC

ING &

-LUCTUATIONS

* how does an entire jet loose energy to the medium!

* need to account for fluctuations of energy loss due to
fluctuations of the jet substructure!
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JET QUENCHING & FLUCTUATIONS

* how does an entire jet loose energy to the medium?

* need to account for fluctuations of energy loss due to
fluctuations of the jet substructure!

Two limiting cases
. as a single colour charge (parton)

* ncoherently as multiple charges

Formidable task: existing Monte-Carlo prescriptions

JEWEL: Zapp, Krauss, Wiedemann arXiv:1212.1599
MARTINI: Schenke, Gale, Jeon arXiv:0909.2037
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for emissions
outside the medium
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INTERLUD

for emissions
outside the medium
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INTERLUDE: IN-MEDIUM ANTENNA

¢ <

for emissions — QC” p@
7, 9
outside the medium

e
REMINDER .
j12,¢| = ()2 Q7P + Q5P + Q3742
Pi =R; — 112 ,\ interference

K. Tywoniuk (CERN) 56



| DIRECT | INTERFERENCE

K. Tywoniuk (CERN) 57



| DIRECT |

Resulting spectrum: modification of interferences
1

L712,¢\2 —

(7+)? Q7P + Q5P2 + O3 (1 — Amed)Z12]
Pi=Ri— (1 — Amea)Z12

Decoherence parameter:

. _
1tr<U(x1)UT(ax2)) = exp ——/ dsq(x1 — x2)*| = exp [——QQSL?’]
0
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Decoherence parameter: New scales:

survival probabillity Q. =/dL
¢ =

1
Amed = 1 — exp {—EQ%} r7t=1/(6 L)

— —— [@(90 — (9) + Amed@(g - 90)}

Areq — 0 Coherence

antenna Is not resolved = survives
vacuum spectrum = angular ordering

—h

o N B~ OO 0O O N
. ——

medium-induced
radiation

Aeq — 1 Decoherence

L vacuum
radiation

o 'w dN/dwd6

~
~
~
~
-~
-~
-~
—
\\\
—_— )

antenna Is resolved = destroyed
iIncoherent spectrum = no angular ordering

0 0.1 0.2 03 04
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TWO-PRONG ENERGY LOSS

® how do two colour-connected
charges lose energy?

— tagging two hard sub-jets within a

Jjet cone
- fixed opening angle

® depends on direct emissions +

1 .
WV\( interference
2

Pis(e, L) ) ° Ezeiitl;\jgerz:ually decoheres: interpolates

2
W — small angle: no eloss (photon)
- large angle: Independent eloss
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SOLUTION

Pia(e, L) = / de; / des 8(e — €1 — €3) P(er, L)P(ea, L)

/ dt/dﬁl/dEQ/d(U5 €— €1 — €3 — W)

d'lln .
x P(ey, L —t)P(eq, L — [1 Amed] (dwdt Vlrt.>

® guantum decoherence (instantaneous)
— hard emissions can resolve the internal colour structure
— corresponds to collinear emissions In vacuum. ..

® colour decoherence (accumulative)

— the pair gradually becomes disconnected in colour & behave
independently

® probabilistic formulation
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SOLUTION

P12(€7 L) = /d61 /dEQ 5(6 — €1 — 62)[P(617 L)P(EQ, L) } incoherent
energy |0ss

/ dt/d61/d62/dw5 €— €1 — €3 — W)

d'lln .
x P(ey, L —t)P(eq, L — [1 Amed] (dwdt Vlrt.>

® qguantum decoherence (instantaneous)
— hard emissions can resolve the internal colour structure
— corresponds to collinear emissions In vacuum. ..

® colour decoherence (accumulative)
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® probabilistic formulation
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SOLUTION

P12(€7 L) = /d61 /dEQ 5(6 — €1 — 62)[P(61’ L)P(EQ, L) } incoherent
energy |0ss

/ dt/d61/d62/dw5 €— €1 — €3 — W)
interferences!
dIlIl .
X P 61, t) 62, )I[l — Amed} ( ki Zt>

dwdt J

\_

® qguantum decoherence (instantaneous)
— hard emissions can resolve the internal colour structure
— corresponds to collinear emissions In vacuum. ..

® colour decoherence (accumulative)

— the pair gradually becomes disconnected in colour & behave
independently

® probabilistic formulation
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NEW QU

-NC

ING W

IGHT

0.030

0.025
0.020

0.015

P(e)

0.010

0.005

0.000 -

K. Tywoniuk (CERN)

Y—=q+q

ws = 2.9 GeV

----- - 2—prong (incoherent)

IIIIIIII

= == 2-—prong (612=0.5)

- 1-prong energy loss |
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A NEW OBSERVARBRL

* quenching depends
on the opening angle!

* large-angle structures
within jets are
strongly suppressed

g = 2 GeV?/fm
E =150 GeV
as = 0.3

n=5-7

0.2+ L=5fm
0.0 | | | | | | | | | | | | | | | | | | | | | | | |
0.0 0.1 0.2 0.3 0.4
b12

dNQj

as P(z) dNo(E + €)

— | dePyy (e, L: 6
dzdE df /0 cPrale Libie) ==
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SUMMARY OF THE LECTURES

vacuum

soft & collinear divergences

colour coherence (angular ordering)
multi-gluon emissions (MLLA)
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SUMMARY OF T

~CTURES

vacuum medium
soft & collinear divergences collinear finite & soft enhanced spectrum
colour coherence (angular ordering) gradual breaking of colour coherence
multi-gluon emissions (MLLA) multi-gluon emissions lead to energy loss

(+ hard BDMPS radiation)

outlook
theoretical progress prompted by exciting experimental results

new aspects of QCD are studied (jet perspective, medium perspective)
toward building a full understanding of hard probes @ LHC
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| IST OF VALUABLE RESOURCE

®  Peskin, Schroeder “An introduction to QFT" (Addison-Wesley Publishing)

®  Sterman “An introduction to QFT"” (Cambridge University Press)
e Ellis, Stirling, Webber “QCD and collider physics” (Cambridge University Press)
®  Dokshitzer, Khoze, Mueller; Troyan “Basics of perturbative QCD" (Editions Frontieres)
® online on: www.lpthe jussieu.fr/~yuri/BPQCD/BPQCD.pdf
® Khoze, Ochs “Perturbative-QCD approach to multiparticle production™ [MPA 12 (1997) 2949

® Mangano “Introduction to QCD", http://cern.ch/~mlm/talks/cern98.ps.gz

® Seymour “Quantum ChromoDynamics”, arXiv:1010.2330
® Salam “Elements of QCD for hadron colliders”, arXiv: 101 1.513

®  more things on: https.//gsalam.web.cern.ch/gsalam/teaching/PhD-courses.ntml

®  Mikko Laine "Basics of thermal field theory"” http://www.laine.itp.unibe.ch/basics.pdf

o Kapusta & Gale “Finite-temperature Field Theory: Principles and Applications”
® Salgado & Casalderrey-Solana “Introductory lectures on jet quenching in heavy ion collisions’” arXiv:0/12.3443
®  Mehtar-Tani, Milhano, Tywoniuk “Jet physics in heavy-ion collisions” arXiv:1302.2579

®  Blaizot, Mehtar-Tani “Jet structure in heat ion collisions” arXiv:1503:05958
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