QCD und Jet Physik an efe” Beschleunigern

e Geschichte der Starken Wechselwirkung
e QCD; confinement; asymptotic freedom
e Hadronisierung und Hadron-Jets

e Quark-Spin

e Gluon-Spin

e Selbstkopplung des Gluons

e Asymptotische Freiheit aus Jetraten

e Messungen von (s
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Geschichte der Starken Wechselwirkung (1)

1932: Entdeckung des Neutrons . ® @
1933 | =25 2L 3 = Substruktur des Protons ?
Mp

1947:. Entdeckung der s-Mesonen und langlebiger
V-Teilchen (K°, A)in Hohenstrahlung

1953: V-Teilchen an Beschleunigern produziert;
neue innere Quantenzahl ( "strangeness").

1964: Statisches Quark-Modell :
neue innere Quantenzahl: Farbe.

Baryon Meson
(p.n, A\,...) mK....)
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Quanten Chromo Dynamik.

1973: Konzept der Asymptotischen Freiheit ;ﬁ\\
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Geschichte der Starken Wechselwirkung (2)

v v

1964: Statisches Quark-Modell ; @ @
neue innere Quantenzahl: Farbe.
e —~"¢

1969: Dynamisches Partonenmodel: Vo—q
-y

Quanten Chromo Dynamik.

1973: Konzept der Asymptotischen Freiheit ;ﬁ\\

1975: 2-Jet Struktur  in et e~ -Vernichtung:

Bestatigung Quark-Parton-Modell. e*\ !
g

1979: Entdeckung des Gluonsin 3-Jet- e/ZO,Y*
Ereignissen der ete~-Vernichtung. a
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3-Jet Ereignis gemessen mit dem JADE Detektor (1979-1986)
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3-Jet Ereignis gemessen mit dem OPAL Detektor (1989-2000)

Run:event 2513: 61702 Date 910910 Time 85656 Ctrk(N= 37 Sump= 65.7) Ecal (N= 55 SumE= 44.8) Hcal (N=19 SumE= 8.6)
Ebeam 45.613 Evis 90.2 Emiss 1.1 Vtx ( -0.09, 0.10, -0.22) Muon(N= 2) Sec Vtx(N= 3) Fdet(N= 0 SumE= 0.0)

Bz=4.350 Thrust=0.6788 Aplan=0.0381 Oblat=0.4248 Spher=0.6273

Ecm — 91 GGV

N YU &)
; / .
: F : :'/)
: ! N
\;
' o @
Y
X
z T T
L 200. cm. L 510 20 50 Gev T TTTTTTTTiToiTooTTmmmmIIOTT
Centre of screen is (  0.0000, 0.0000, 0.0000) | 1 T |

s with cosmic and with terrestrial accelerators TUM SS16 S.Bethke, F.Simon V6: QCD and Jet Physics



Geschichte der Starken Wechselwirkung (3)

\d v

Particle Physics with cosmic and with terrestrial accelerators TUM SS16 S.Bethke, F.Simon V6: QCD and Jet Physics
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Geschichte der Starken Wechselwirkung (3)
1991: exp. Signatur der gm l - *
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0.2}

0.1}

== QCD o4(Mz)=0.118 = 0.003

1 100

" Q1Gev]

Particle Physics with cosmic and with terrestrial accelerators TUM SS16 S.Bethke, F.Simon V6: QCD and Jet Physics




Geschichte der Starken Wechselwirkung (3)
1991: exp. Signatur der gm ]
Gluon-Selbstkopplung £
L el

1990-2000: Bestitigung der
Asymptotischen Freiheit ‘

0.2}

2004: Nobelpreis (Konzept der A.F.) an T,
D. Gross, H.D. Politzer und F. Wilczek | = con-oneeom
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QCD:

e Eich-Feldtheorie der Starken Wechselwirkung
* zugrunde liegende Eichgruppe: SU(3) ; nicht-abelsch

o Kraft”- oder Austausch-Teilchen: Gluonen

¢ Selbstwechselwirkung der Gluonen

* renormierte Kopplungskonstante o ist energieabhangig:

® 0X; grol3 bei kleinen Energien (grossen Abstanden):
der Quarks

* 0 klein bei grossen Energien (kleinen Abstanden)
der Quarks
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=

enschaften der OED und der OQCD:

QED QC
Fermionen Leptonen (e,u,1) Quarks (u,d, s, c, b, t)
e . elektrische Ladung 3 Farb-Ladungen
koppelt an.
Austausch- Photon (Y) Gluonen (g) _ /m-%g ist
quantum (tragt keine Ladung) (tragen 2 Frabladungen) s g moglich
0 o *
KOpplungS- 2 _ L [ — 2 2\ S Conﬁnemen.t
'Konstante"| €= =137 R Ll Eehely
> >
2
Q Q’
Freie Leptonen (e.u.t (Farbneutrale, gebundene
Teilchen P (e:07) Zustinde von q and q) Hadronen
Theorie Storungstheorie bis zur O(o” )| Storungstheorie bis O( oc;1 )
Erreichte

Prdzision

10 ... 107

1% ... 20%




Warum gibt es keine freien Quarks?

QED

QCD

Elektrische Ladungen:
Kraft F o 1/r°; Energiedichte « 1/r

Farbladungen:
Kraft F o const; Energiedichte «r

=

F @ T F

N

Kraft- und Energiedichte zwischen
Ladungstrdgern nimmt ab.
= Trdger elektrischer
Ladung sind freie Teilchen

Particle Physics with cosmic and with terrestrial accelerators  TUM SS16

=
~——-
s o

Kraft- und Energiedichte steigen an, bis ein
neues Quark- Antiquark-Paar aus dem
Vakuum erzeugt wird.

= Trdger von Farbladung kommen nur in
gebundenen, 'farbneutralen’ Zustdnden vor.

"Confinement"”
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Energieabhangigkeit der Kopplungs-"Konstanten:

Renormalisation Group Equation ("B-function”)

e in fihrender Ordnung Storungstheorie:

4.
Ha

(w)=—Po &

N.=0 N
NS I 161 Mo B e
mit Po o Y 3 fam

N, = Nygl2
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Energieabhangigkeit der Kopplungs-"Konstanten:

Renormalisation Group Equation ("B-function”)

e in fihrender Ordnung Storungstheorie:

d
du

u— () = By of

® |[ntegration =
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1

mit Po = Py

N.=0
N, =
or

«— QED

1
N fam 10
Nfam NHiggS % <« weak
Ny /2 0)|<— QCD
) 2
ai(q )= 2
By ln?\—2
2
with A = u .
2/ Boars (17
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Energieabhangigkeit der Kopplungs-"Konstanten:

Renormalisation Group Equation ("B-function”)

e in fihrender Ordnung Storungstheorie:

d
du

u— () = By of

1

mit Po = Py

® |[ntegration =

N.=0
11
? N.=2|-
N, =
or

A =200 MeV

QED: Ne=0: Ny =3 fiy=-L2

Nfam % ~— QED
Nfam NHiggS % <« weak
Ny /2 0)|<— QCD
) 2
)2
By ln?\—2
2
with A% = a .
62//30%(# )

(1.-

0.0107—

a(Me) = 1/137

a(M,) = 1/128

6
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Energieabhangigkeit der Kopplungs”konstanten”:

e experimentell mit hoher Genauigkeit verifiziert

QED QCD
8155 ] ! ; ’ \ ] T.T””I”"T: April 2016
_“"150 : FOFAL HMB?”” and qq f“mﬂ" E o (QZ) v T decays (N3LO)
3 E Fits to leptonic data from: ] > s DIS jets (NLO)
L = DORIS.< PEP. O PETRA, A TRISTAN ] 5 -
145 | 1 Heavy Quarkonia (NLO)
: 03} o e'e jets & shapes (res. NNLO)
140 | ] 3 ® ¢.w. precision fits (NNLO)
YO v Pp—> jets (NLO)
135 & v pp —> tt (NNLO)
N s ]
130 | ' (@ o] 021
125 | LOPAL QY ]
! prelim. J
120 | B 01| R
115 a : E = QCD og(M,) =0.1181 £0.0011
OPAL 2-fermion fits: 1 1|0 160 10|00
110 q average: o 1 Q [GCV]
105“ L P R L L - Loy so 1]
0 25 50 75 100 125 150 175 200

Q/GeV
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Anatomy of hadronic events in "¢ annihilation

Space

Time
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Anatomy of hadronic events in "¢ annihilation

et q
Y
Space N\ _ _ _
VA
_ —
- e
Time 1
e
S o
32
S
38
Sags®
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Anatomy of hadronic events in "¢ annihilation
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Anatomy of hadronic events in "¢ annihilation

Space

- (
Time

Electroweak
Processes

Typical Momentum
Transfer at LEP-I
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Anatomy of hadronic events in e e annihilation

Space

- (
Time

Electroweak
Processes

< : ........ e : : Typlcal Momentum
91 10 1 [GeV] Transfer at LEP-I

e QCD: shower development calculated in perturbation theory (fixed order; (N)LLA)

e Hadronisation: phenomenological models of string-, cluster- or dipole fragmentation
* Decays: randomized according to experimental decay tables
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Physik der Hadronen-Jets

Zum Vergleich von Hadronen-Jets
mit analytischen QCD -Rechnungen
(Quark- und Gluonendynamik)
mul} man
auflosbare Teilchenjets

\_ Theorie und Praxis definieren. )
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adronen-Jets

Zum Vergleich von Hadronen-Jets
mit analytischen QCD -Rechnungen
(Quark- und Gluonendynamik)
mul} man
auflosbare Teilchenjets
\_ Theorie und Praxis definieren.

Physik der

J
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f Dazu bendétigt man:

 Definition eines Auflosungskriteriums
(z.B. minimale invariante Paarmasse,

\____rekombiniert.

minimale Winkel, minimale Energien ..)

e Vorschrift, wie man nichtauflosbare Jets

J
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adronen-Jets

Physik der

: (" Dazu benétigt man: h
Zum Vergleich von Hadronen-Jets 12dzU DENOLSL Mdl.

mit analytischen QCD -Rechnungen  Definition eines Auflosungskriteriums
(Quark- und Gluonendynamik) — (z.B. minimale invariante Paarmasse,

ornl® s minimale Winkel, minimale Energien ..)

auflosbare Teilchenjets e Vorschrift, wie man nichtauflosbare Jets
_ Theorie und Praxis definieren. ) \_ rekombiniert. Y,
allerdings: Es gibt keine "natiirliche" Definition von Jets !
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niederenergetische
iiberlappende Jets "Jets"— Infrarot-
— kollineare Divergenzen Divergenzen
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Durham - Jetdefinition: (meistbenutzt in e* e~ -Vernichtung)
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Physik der Hadronen-Jets

- s e i )
Zum Vergleich von Hadronen-Jets Dazu bendtigt man:

mit analytischen QCD -Rechnungen e Definition eines Auflosungskriteriums
(Quark- und Gluonendynamik) — (z.B. minimale invariante Paarmasse,

muBman minimale Winkel, minimale Energien ..)

auflosbare Teilchenjets e Vorschrift, wie man nichtauflosbare Jets
_ Theorie und Praxis definieren. ) \_ rekombiniert. Y,
allerdings: Es gibt keine "natiirliche" Definition von Jets !

niederenergetische
iiberlappende Jets "Jets"— Infrarot-
— kollineare Divergenzen Divergenzen

Durham - Jetdefinition: (meistbenutzt in e* e~ -Vernichtung)

2 Gruppen von Teilchen, 1 und j, konnen aufgelost werden falls fiir die minimale transversale

Energie der 4er-Vektoren, y;; = 1/2 min(E?2, E2) * (1 - cos(8;), gilt: V= Ve
Falls y ii < Yeut» werden die 'Proto-jets' i und j von einem neuen, einzelnen (Proto-) Jet k ersetzt

(Rekombination): p, = p; + p; (rekursives Verfahren, bis alle Yij = Ycut ).
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Test of basic quantum numbers (g-, g-spin):

Particle Physics with cosmic and with terrestrial accelerators TUM SS16 S.Bethke, F. Simon V6: QCD and Jet Physics



Test of basic quantum numbers (g-, g-spin):

Quark-Spin = 1/2 < %g ~ (1 + cos®0)
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Test of basic quantum numbers (g-, g-spin):

Quark-Spin = 1/2 < %g ~ (1 + cos®0)

0.12 - "'-.__ — QED ~ (1 + cos8) i
. — QED + elektro-  f¥ coarse structure: quarks have spin 1/2

weak interaction

o
-
-
N

2
T

dN{Acos9=0.2)/N
;

:OPAL

.L..IJ_._.._L; I_._L-I PUPEETE AT SR EPETT IPETS WP BPRrar
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Test of basic quantum numbers (g-, g-spin):

do
d6

Quark-Spin = 1/2 < ~ (1 + cos®0)

01z b "'-.__ — QED ~ (1 + cos?0) [:
;T QED + elektro- b coarse structure: quarks have spin 1/2
- ot f % weak interaction
X [\
c\i o1 - . . .
1 fine structure:  deviation from 1 +cos 20
3 ans
S
=
© g.0s '
O PAL vs=91.2 GeV
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Orientation of Gluon-Jets in 3-Jet-Events:
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Orientation of Gluon-Jets in 3-Jet-Events:

Test of the Gluon-Spin (QCD: g-spin = 1)

- /'q boost  _ ﬂ:/
.,

- T
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Orientation of Gluon-Jets in 3-Jet-Events:

Test of the Gluon-Spin (QCD: g-spin = 1)

- /'q boost  _ ﬂ:/
.,

&
R

| — vector (QCD)

[

0|1|||||||||||||||||

0 025 050 075 1
CcOS A
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Orientation of Gluon-Jets in 3-Jet-Events:

Test of the Gluon-Spin (QCD: g-spin = 1)

q -«
\%%‘9

.

7000
- L3
Z
= L
¥ | e (data *
® | — vector (QCD)
3500 [~

JUDO Dl

0111||||||||||||||||

0 025 050 075 1
CcOS A
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Non-Abelian gauge structure from 4-jet events

Bengtson-Zerwas angle between

energy-ordered jet axes
(El = E2 2E3 ZE4)
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Non-Abelian gauge structure from 4-jet events

Bengtson-Zerwas angle between

energy-ordered jet axes
(El = E2 2E3 ZE4)

100 Ty =TT T T
% 80 - AMY (1989) T*
8 oC :
D 60 -
f o - —---C :
" 40 / i =
o
& 20 Abelian

0 20 40 80 80
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Non-Abelian gauge structure from 4-jet events

Bengtson-Zerwas angle between

energy-ordered jet axes
(El = E2 2E3 ZE4)

4{} LI S B B N B B B B NN B N N I NN N N B B N R
L3 (1990) |
i QCD -
BE —
z |
2
® g 20 |
g = B ® DATA |
e = Abelian
o >
& = 10 -
- B i
¢ i I _
= | —
0 L_;..;_,-_‘__'._J._A..L_,.L.L_A.x_._L_,_L._.,__._i_g,u 0 _“I [ :, L1 '!j [ '!j L1 '!jl_
0 20 40 80 80 0 20 40 60 80
% X
BZ BZ
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Asymptotic Freedom (running a,)
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Asymptotic Freedom (running «,)
Historically (1987):

energy dependence of 3-jet production rates (R5):
Ry = Cy(Yeu) % (W) + Co(¥ey) 05 (W)
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Asymptotic Freedom (running «,)
Historically (1987):

energy dependence of 3-jet production rates (R5):
Ry = Cy(Yeu) % (W) + Co(¥ey) 05 (W)

JADE Jet finder:
small and (almost) energy independent
hadronisation corrections:

=
%

E Yeut= 0.08 (E, EO, P)
Yeur=0.03 (D) .

=
=)
e

R3(hadrons)
R3(partons)
[y
=

1.2+ JADE/E0 ]

=
—

S
%

S
=
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Asymptotic Freedom (running a,)

Historically (1987):

energy dependence of 3-jet production rates (R5):
Ry = Cy(Yeu) % (W) + Co(¥ey) 05 (W)

JADE Jet finder:

small and (almost) energy independent

hadronisation corrections:

= =
= -
e

=
=
S

R3(hadrons)
R3(partons)
o .
> b

S
%

S
=

Yeur=0.08 (E, EO, P)
Yeur=0.03 (D)

JADE/E(Q

10

R, (y ., = 0.08) [%]

30 T — T r T r T T T r T T 1 7
[ B JADE x AMY
[ + TASSO * VENUS
*l» O Mk-II '
25 h /,‘///Abelian O(a %) ]
I \H* / o = const
- e A
20+ {i\’H‘\ -
| QCD Az =251 MeV '
15 . L1 A B S .
20 40 60 80 100
E ., [GeV]
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Asymptotic Freedom (running «,)
Historically (1987):

energy dependence of 3-jet production rates (R5):
Ry = Cy(Yeu) % (W) + Co(¥ey) 05 (W)

JADE Jet finder: R;3(¥ ey = 0.08) [%]
small and (almost) energy independent 30 —— —
hadronisation corrections: s ® JADE x AMY A ALEPH 1
18 , I , * + TASSO * VENUS 0 DELPHI |
2z | Yeu=008 (E,E0,P) _ ° Ml . GoAL
SlS 16f Yeut=0.03 (D) ] 51 / i
Eg 14 _ _ I \ /,‘//Abelian O(ai) (1990)
52 62 : * \H* / o = const.
i , :
L2t JADE/EO ] [ _\’K I i S
: 20t {i ’H— .
1.0 - / \
: , /4 }%&\
08 _ QCD Ay = 251 MeV
0.6 1L N s ...
10 20 50 100 200 20 40 60 80 100
E. . [GeV] E ., [GeV]
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Asymptotic Freedom from jet rates

03 jet 1
R, = ” <o (E o —L
3= Otot ( cm) In E_,
. —
[ e PETRA i
25L. © PEP / _'
[ & TRISTAN T i
[ , P '
20L © LEI 3 7@ -
—_ | /I.!f“
2 :
S~ 1s5L ]
o] B . b
-4 L (O@d) £ ]
10| f""‘\Asympmtic ]
I Freedom ]
: - . (O(og)) -
sk > O O i
L e g = -
{].-,. 1 1 +I¢+III

0.05 0.0 0.15 020 025 030 035
1/In(E_,[GeV])
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Experimental Determination of o

in all processes in which gluons occur:

e,\ 9 e cte—annihilations
o, g — total hadronic production cross section
*® 5 .
e_/ zZ — hadronic decay widths of the Z° and of the T
q — jet rates and shape variables
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Experimental Determination of o

in all processes in which gluons occur:

e\ 9 e cte—annihilations
o, g — total hadronic production cross section
* . .
e_/ z — hadronic decay widths of the Z° and of the T
q — jet rates and shape variables
—— ® deep inelastic lepton-nucleon-scattering
v - : . L. .
 q — scaling violations of structure functions
N 3 q — sum rules of structure functions
X — jet rates and shape variables
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Experimental Determination of o

in all processes in which gluons occur:

e\ 9 e cte—annihilations
B, g — total hadronic production cross section
e_/ zZ — hadronic decay widths of the Z° and of the T
q — jet rates and shape variables
— ® deep inelastic lepton-nucleon-scattering
Y*\\ i . . . .
 q — scaling violations of structure functions
N_ 3 q — sum rules of structure functions
X — jet rates and shape variables
- }X ® proton-(anti-)proton collisions

— jet rates

g
I_’_% }Xq — photoproduction

— t-quark production cross section
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running Og Up to 4th order:

Do (Q?)
902

B(aa(@)) = —A0a2(Q?) — $1a2(Q?) — $ra(Q%) — B30 (Q2) + O(a)

Q2 = 3 (QS(QQ))

33 — 2NV,

By = ——
oo 127
g _ 153 — 19N
LT o2
; 77139 — 15099N ¢ + 325Nf
e 345673 ’
; 29243 — 6946.3N ¢ + 405.089N§ + 1.49931]\7?
e 25674
1 1
2\ _
QS(Q ) - 30L 33L2 131 hlL Ritbergen,
1 j’ 2 fj’ I\jermaseren,
2 arin
+ ,BSLS (32 (111 L—lnL—l) 60)
1 0113 3 5 2 1 3 13 2 3 3 Q:
+%‘T(§<—IH L+§ln L+2111L—§ _3,8{2] 11L+*_30 = ;

MS

B, and B, do not depend on renormalisation scheme; B, and B, ... do !

choose MS scheme for all of the following discussion.
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relative size of higher order corrections

(a) 0.03 (b)1
| 0. (Q) for Ag=220 MeV: | slndoopl
0.21 s MS™ T 0.025¢ Otg[4-loop]
",‘ —-—-= |-loop ',‘ l
! ---- 2-loop il —Toh=
0.181%  —3-andadoop § OO —---n=2
' | —n=3
i
0.0157 ".‘
!
"1
0.017 \
1‘.
”‘h
0.0051
“..\—h"'—""‘— E-\‘\—- ————— C
'“'“"5"::::::::::::::::::::::::::::::::::::::::::::l
20 60 100 140 180 20 60 100 140 180
Q [GeV)] Q [GeV)]
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heavy quark threshold matching

Matching conditions for the choice M(Nf) = Mq (pole mass definition):

2 _ 1+Cy a?+C5 a® (with a’ = ocS(Nf'l)/n ©a= aS(Nf)/n)
a

Cy = —0.291667 and C3 = —5.32389 4 (N5 — 1) - 0.26247

(3-loop condition; Chetyrkin, Kniehl, Steinhauser)
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heavy quark threshold matching

Matching conditions for the choice M(Nf) = Mq (pole mass definition):

2 _ 1+Cy a?+C5 a® (with a’ = ocS(Nf'l)/n ©a= aS(Nf)/n)
a

Cy = —0.291667 and C3 = —5.32389 4 (N5 — 1) - 0.26247

(3-loop condition; Chetyrkin, Kniehl, Steinhauser)

a b)
0.42 @01z (
04
4—-loop 0, (Q): 0.1 O [matched]
0.381, -
| —— 3-loop matching Og[unmatched]
0.36 ‘\‘ --- unmatched (N=5) 0.08
034} |
0.32 0.06
0.3
0.04
0.28
0.24
0.22 0 T T
1.5 2253354455
Q [GeV] Q [GeV]
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perturbative predictions for physical quantities
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perturbative predictions for physical quantities

2y n .
R(Q7)=F Z Ry in n'" order perturbation theory

= P, (Ro + Rya.(1%) + Ra(Q*/p?)aZ (1) + ...) R; : “leading order coefficient” (lo)
R» : “next to leading coefficient” (nlo)
R3 : “next-next-to leading” (nnlo)
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perturbative predictions for physical quantities

=P ) Rl in n'" order perturbation theory

= P, (Ro + Ry (11%) + Ra(Q*/p*)a2 (1) + ...) Ry : “leading order coefficient” (lo)
R» : “next to leading coefficient” (nlo)
R3 : “next-next-to leading” (nnlo)

Resummation of logs arising from soft and collinear singularities:

R o
Y(R)= /O ij—;;d?% Clag)exp [G(as, L)) + D(ag,R) L=1In(1/R) Clay) =1+ Z C,ar

oo n+l

Oﬁs E E Gnm, fianu

n=1m=1

= Lgi(a.L) + g2(a L) + asgs(asL) + a§g4(asL) ‘os

Leading Next-to- Subleading Non-log.
logs Leading logs logs terms
InX(R) = | Giaa.L? + GriasL +asO0(1) | O(as)
+ Gozd2L3 | + Good2L2 + G121 +a20(1) | O(a?)
+ G a3 LY | +Ga3alL? | +G3ea3 L2 4 +e O(a?)
4. 4. 4. 4.
= [ LoD) | +o(al) b o
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renormalisation scale dependence

R =R(Q* /1 ); o = ag(p”)

since choice of  is arbitrary, physical observables R should not depend on u

5‘ da 8
2 S 1
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renormalisation scale dependence

R =R(Q* /1 ); o = ag(p”)

since choice of  is arbitrary, physical observables R should not depend on u

5‘ da 8
2 S 1

OR 4 OR { [ L OR.
_ 220 (,,2y,,28 U 20 2 9 U1t
0=p W + as(p” ) p W + aZ(p?) _;L o2 — Ry, 30]
[ S OR:
+ a2 (p?) ;LQW; — [R151 + 2Ry, 30]]

+ O(al) .

TUM SS16 S.Bethke, F.Simon V6: QCD and Jet Physics
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renormalisation scale dependence

R =R(Q* /1 ); o = ag(p”)

since choice of  is arbitrary, physical observables R should not depend on u

5‘ da 8
2 S 1

OR J OR { [ L OR.
_ 220 (,,2y,,28 U 2/ 2 o U112
0=p W + as(p” ) p W + aZ(p?) _p, o2 — Ry, 30]
[ S OR:
+ a2 (p?) ;LQW; — [R151 + 2Ry, 30]]
+ O(al) .
—> Ry = const. ,
R, = const. ,
Q’ Q°
RQ ( ) RQ( ) 30R1 111— )
12 112
2 2 2
R (Q ) R3( ) [2R2(1)\30 -+ Rl,ﬁl] In Q—2 + Rl\jg 1112 Q—2
12 1 7
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renormalisation scale dependence

R = (QQ//J Qs) g = QS(/JQ)

since choice of  is arbitrary, physical observables R should not depend on u

0 5 0as 0
2 S 1
d,lz (Q /.’“'5 ) (,“L C)pﬁz +,“ C),J‘z C)CY )R_ O

OR 9y 2 ORy [, OR:
_ 2 0 (2 2 2 2 ,
0=p M (2 p? o — + o?(p?) _p: e — Ry 30]
[ ,OR.
+ a2 (p?) “Qr_g — [R151 + 2R, Bo]]
o op?
+ O(al) .
—> Ry = const. ,
R, = const. ,
Q* Q*
RQ (—2) = RQ( ) 30R1 111— )
1L 12
2 2
R3 (Q ) R3( ) [2R2(1)“3[] + R131] 111 Q— + R “32 1112 Q2
p? p? H

Perturbative QCD coefficients beyond leading order become renormalisation scale dependend !
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renormalisation scale dependence

R = (QQ//J Qs) g = QS(/JQ)

since choice of  is arbitrary, physical observables R should not depend on w

0 5 0as 0
2 S s
d,lz (Q /.’“'5 ) (,“L C)pﬁz—{_,h C),J‘zd@ )R_O

OR 9y 2 ORy [, OR:
_ 2 0 (2 2 2 2 ,
0=p M (2 p? o — + o?(p?) _p: e — Ry 30]
[ ,OR.
+ a2 (p?) “Qr_g — [R151 + 2R, Bo]]
o op?
+ O(al) .
—> Ry = const. ,
R, = const. ,
Q* Q*
RQ (—2) = RQ( ) 30R1 111— )
1L 12
2 2
R3 (Q ) R3( ) [2R2(1)“3[] + R131] 111 Q— + R “32 1112 Q2
p? p? H

Perturbative QCD coefficients beyond leading order become renormalisation scale dependend !

This dependence is used to quantify theoretical uncertainties due to unknown higher orders.
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hadronische Breite des Z0 Boson

10°
LEP
o IpbI} | '(Z° — hadrons
ol =z ) _20.768 +0.0024
‘I‘ ‘I"‘x ¢'¢— Hadrons F(Z — leptons)

L 1\ 2 3
i 1N R, =19.934|1+1.045 as(“)+o.94[as(“)] -15[O‘S (“)]
E % '1'RIS'1'AN/-" \\mt\‘”\/§> 0.10 JU JU JT
10° 3 %@é oy e

~ e . AR Eﬁ> 085 o-e2
10 Loooion e oo b

0 20 40 60 80 100 120 140 160 180
Vs [GeV]
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hadronische Breite des Z0 Boson

10°
LEP
alpb] | I'(Z° — hadrons
N =z ) _20.768 +0.0024
‘.“ ‘I"‘x &e— Hadrons F(Z — leptons)

L 1\ 2 3
i N R, =19.934|1+1.045 as(“)+o.94[as(“)] -15[O‘S (“)]
B B 'I'RIS'l'Ay-f \\xi\j Vsis > 0.10 T TT 7T

107 » %@f% - T .
; ele—uu - \\e;e:%:( Y T\Eﬁ: OC;S o o0 = OCS (Mz) = 0.124 + 0.004 (GXp.)
10 e 0 o080 100 120 140 iob. 180 = 0.002 (My,M,,,)
Vs [GeV]
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103

10

10

hadroni

sche Breite des Z9 Boson

=\

LEP

A
e

——

¢+ | ¢&e— Hadrons

\y CESR DORIS
\ X
LA

_ I“(ZO — hadrons)
F(ZO — leptons)

7 =20.768 =0.0024

2 3
3 fno R, =19.934 1+1.045as(“)+0.94[as(“)] -15[O‘S(“)]
% '1'RIS'1'AN/-" et VSIS > 0.10 JT JT JT
- n, Beok , T .
; 5% o~07| N -
E ee—=uw = \\e;e:%:, Y \Eﬁ: 0;5 o so, = OCS (M 7 ) = O . 1 24 + O .004 (GXp. )
02040 60 50 00 120 140 0 180

Vs [GeV]
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hadronische Breite des Z0 Boson

10°
O [pb] |

LEP

10

103

%y, TRISTAN /

Z

~ F(ZO — hadrons)

¢ | &e— Hadrons

N

et VIS > 0.10

=20.768 =0.0024

[

- F(ZO — leptons)

o, (u) o, (u)

R, =19.934|1+1.045 +O.94[

o, (u)

r

JU JU JU
102 @@9,@/ . e
; 38 Of’?l . -
T ety . “\e\;eif:‘:f \EE:O?BS o o0 = OCS (Mz) = 0.124 + 0.004 (GXp.)
\\Ill\\lll\l\||\JIII\\IIl\I\;rV{II\Il\\l\‘\I\Il\l\l
0720 a0 50 80 100 120 140 160 180 + 0.002 (MH ’Mtop)
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+ 0.003 (QCD)
o (M) fr—— — 0.001
L Qi
0135 F % 3} =
L |"Il .'.' @) f" ;
013 F % &7
0.125 [ .
0.12 F i ;
0.115 | .
0.11 :.I J"' vaal (a)l
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10°

hadronische Breite des Z0 Boson

o [pbl§

103

%y, TRISTAN /

LEP

¢+ | ¢&e— Hadrons

N

et Vels > 0.10
10 2 L s %gég,t/ | ;4*_ .,
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F(ZO — leptons)
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JU

=20.768 =0.0024

2
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JU
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£ 0.002 (My,M,,)

- 480 Qe
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M =100 ... 1000 GeV | £0.0017
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renormalization schemes | 4+0.0002
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hadronische Breite des Z0 Boson

10°
LEP
o lpbl | I'(Z° — hadrons
ol =z ) _20.768 +0.0024
\ . \ e'eé— Hadrons F(Z — leptOnS)
| L\\
il \ 2 3
e A R, =19.934|1+1.045 as(“)+o.94[as(“)] -15[O‘S (“)]
B % 'I'RIS'l'Ay-/ ¢ Vsls > 0.10 JU JU JU
10% e e

£ - ol :

B e = = «,(M,)=0.124+0.004 (exp.)
10 Gt il — My

Vs [GeV]
+ 0.003 (QCD)
o(My) fr =TT T - 0.001
0135 F 1§ 3 -
! : error source Aag(Myo)
0.13 i
. 3 AMyzo = £0.0021 GeV +0.00003
0.125 AM, = £5 GeV +0.0002
012 : k My =100 ... 1000 GeV | 40.0017
0.115 | ] p=(7..4) Mz T %0004
i (a) renormalization schemes | £0.0002
011 Bt o fin 00:
0.1 1 10 total T 500
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hadronische Breite des Z0 Boson

LEP

¢+ | ¢&e— Hadrons
‘

3
10 \ \y PEP PETRA /
\ By /
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% ..-:l!;gl

I IIIHHl
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~ F(ZO — hadrons)
F(ZO — leptons)

Z

JU

=20.768 =0.0024

JU

2
R, =19.934 1+1.045as(“)+0.94[as(“)] -15[

+ 0.003
— 0.001

(QCD)

error source

AQS (ﬂ-"jz(r )

AMyzo = £0.0021 GeV +0.00003
AM,; = +£5 GeV +0.0002
p=(hod) My | o
renormalization schemes | 4+0.0002
total * 0002
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(v, +a,)(s)

O from T-decays

Ry

_ I'(t — hadrons v)

I'(t—=ev,v;)

ert =
p JU

6 as<mr)+5.20(aS(mT)

JT

QCD: Ry =3.058(1.001+ 8peys + Snonpert)

)2 + 26.37(—“S (mr) )3

JT

measurements of R as well as the mass spectra of hadronic T-decays and comparison

with O(ag?) perturbative QCD results in ocs(MT) also provides an independent

determination of the leading nonperturbative contributions Ononpert

2.5

2

15

1

0.5

e L L
- ﬁ-:h « T —=(V,A) v, (ALEPH) E
: I T —(V,A) v, (OPAL)

E ] —__ QCD prediction _
. o parton model

- f |"||

B SHRR L

: g @ i e |EI!||!| |!I ||H

- B i
B F

C = ||||||||| ]
C ' ]
L ig .
-

__ifn L1 | ] M ] ]

0 05 1 15 2 25 3

O.S(Mz) =0.1213 +£0.0006 exp £ 0.0010 theo



Particle Ph

Event Shape Observables

Typical Value for:

Name of Definition QCD
{Observable calculation
p pini| e o
I hrust I'=max |-« ) | =2/3 =12 lusumlps )
&\ Zilp Olas)
Thrust major Like T, however Ty and n g in 0 <13 sIN2 olcd)
plane L n .
s I.ikk’ ‘l-. hﬂ“ eNer ".mm U"d Nenin in -
- . " 2
[hrust minor direction L 1o npand n g, ¢ 0 sz Olets)
Oblateness O =Ty~ Tmin 0 =3 0 ()(u\:)
S=150Q,+Q,)0Q,5.5Q; are 3
Sphericity = s ah 0 =3/4 = .
Spiencit) oo s <l ey Dy (ot infrared
Eigenvalues of §7 = v 2 afc)
P
ananty . none (not
Aplanarity A=15Q) 0 0 12 |infrared safc)
2 . 2 B,
‘\': - (2" Ei R ).»,:\‘
Jet (Hemis- (S;: Hemispheres Loy )
phere) masses M'-! = max .\IZ’..\I’) 0 s1/3 s12 (resummed)
Mp=IM3- M2 | 0 s1/3 0 Olas)
zu‘:\. Py A ;
B: = A N - Hl = B. + H 0 Sln'(z\'.‘) sl (2\/2) rcsur"mcd)
Jet broadening & dup ola?)
B,=max(B..B.)| 0 s1A2v3) s1/(2V3) »

e
LA

Encrgy-Encrgy | ppeyyy EE, S2 A resummed)
Correlations EEC M':le "z' 3 XA, L:)(u:‘)k
Asymmetry of .. "~y ny- "
EEC T AEEC() = EEC(m-y) - EEC(y) ola?)
Differential |y, (y) = Raly-ay) - Ra(y) resummed)
2-jet rate G Ay Ola?)

nd with terr
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Jet production and hadronic event shapes

100

. OPAL
| D-scheme
E., =91.2 GeV

2-Jet

emxA [Data

- Jetset partons |

Jetset hadrons{

—
=]

1/6 do/dT
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ALEPH preliminary
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Jet production and hadronic event shapes

100 IIIII T L IIIIIII 1 L] IIIIIII o
i 1 ALEPH preliminary il
. OPAL 2_Jet 1 101 :
80 - D-scheme u O(crg) + NLLA
= - E., =91.2 GeV 103 =]
S| "
s 4 =.n2
.§, 60 I emxA Data 3 10
ﬁ: [ - Jetset partons | ©
40 F jpesy g Jetset hadrons{ ~ '
1
-1
10
-2
o
Yecut o e
Pert. QCD 06 065 07 075 08 085 09 095 o1
1 do ) 2 .
o= n- 2 ( 2 ) Ellis, Ross & Terrano (ERT);
® In NLO o dy - Rl(y) as(‘u ) + R2 y’ Q2 as ‘u Kunszt & Nason, Catani & Seymour
0
* plus resummation of leading and next-to-leading Catani, Trentadue, Turnock, Webber

logarithms (NLLA) —> “matching schemes”
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Jet production and hadronic event shapes

100 IIIII T L L] IIIIII 1 L] L IIIIII o
i OPAL 1 4 ALEPH preliminary Pl
I 2-Jet y 10
80 B D-SChCmC _ 0(a§)+NLLA E(._\[:lh‘LJ GeV

—~ E,, =91.2 GeV 103 e

S | ——

e T Ecp=183 GeV
g 60 1 S0 Rl
2 emxa Data 3

! =

ﬁ: - Jetset partons| e

I 1 —10
40 F ez g Jetset hadrons{
1
-1
10
0
1
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(]
S
Z
—
O

|

|

I

Ry (y) OCS(M2) + Rz(y,g_z) 0582(#2) Ellis, Ross & Terrano (ERT);

Kunszt & Nason, Catani & Seymour

in NNLO: A. Gehrmann-de Ridder et al., 2007
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logarithms (NLLA) —> “matching schemes”
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as aus Jetraten und event shapes in NNLO QCD:
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as aus Jetraten und event shapes in NNLO QCD:
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globale Zusammenfassung der Messungen von o

April 2016

T decays (N3LO)
DIS jets (NLO)
Heavy Quarkonia (NLO)
e'e jets & shapes (res. NNLO) |
e.w. precision fits (NNLO)
pp —> jets (NLO)

pp — tt (NNLO)
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Evidence tfor Asymptotic Freedom:
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Zusammenfassung:

Particle Physics with cosmic and with terrestrial accelerators TUM SS16 S.Bethke, F.Simon V6: QCD and Jet Physics



Zusammentassung:
e QCD als Eichfeldtheorie der Starken Wechselwirkung etabliert:

— asymptotische Freiheit aus Energieabhangigkeit der Jetraten
und von o experimentell verifiziert

— Farbladung der Gluonen etabliert

— Spins der Quarks (1/2) und der Gluonen (1) gemessen
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e Quarks und Gluonen existieren nicht als freie Teilchen, sondern
nur in gebundenen, ,farblosen” Zustanden (Hadronen)
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* bei hohen Reaktionsenergien folgen Hadronen den Richtungen
der erzeugten primaren Quarks und Gluonen (,Jets”)
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e prazise Messungen der Eigenschaften der Jets ermdglichen
quantitative Tests der QCD
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Zusammentassung:
e QCD als Eichfeldtheorie der Starken Wechselwirkung etabliert:

— asymptotische Freiheit aus Energieabhangigkeit der Jetraten
und von o experimentell verifiziert

— Farbladung der Gluonen etabliert

— Spins der Quarks (1/2) und der Gluonen (1) gemessen

e Quarks und Gluonen existieren nicht als freie Teilchen, sondern
nur in gebundenen, ,farblosen” Zustanden (Hadronen)

* bei hohen Reaktionsenergien folgen Hadronen den Richtungen
der erzeugten primaren Quarks und Gluonen (,Jets”)

e prazise Messungen der Eigenschaften der Jets ermdglichen
quantitative Tests der QCD

* Messung von o aus vielen Reaktionen:
o(M7) ~0.12 (0.1181 = 0.0011)
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