Experimental tests of QCD

1.Motivation for color as addition quantum number
2. Recap: QCD Feynman-Rules and color factors
3. Discovery of the gluon and its spin

4. qq — qQ: s- and t-channel processes

5. Measurement of alphas and its running



1. Color as an additional quantum number

Historically, an additional internal quantum number “color charge” with 3 possible
values (often called r, g, b, or correspondingly 1, g, b for anti-quarks ) was introduced
to cure a symmetry-problem of the A** (uT uTu® , J=3/2) quark wave function:

LIJ(UUU’TTT) =  Wspace ¢flavor " Aspin gcolor

\ J
|

symmetric under particle exchange
with l//space = symmetric (L=0)

¢ﬂavor —  symmetric (uuu)

Xspin = symmetric (TT1)

|:> Need additional color wave function é:color fully anti-symmetric

1
Seolor = E Z Ep iU U, with color indices i, j, k
i)k



Experimental evidence for 3 different “color states™ N =

Hadronic cross section e*e— qq g £ flavor
O | color
—~ had 2 f
Riag = =N ZQ q;
O

(we discussed R, 4 already)

m8
. d A r
Since the color of a quark cannot be observed we o ] .@
postulate a SU(3) color symmetry: r <> g <> b. zﬁ .
'.._ " 1 3
S
This symmetry was inspired by theu<>d < s _T; Tb

quark flavor symmetry which was established to
describe the hadron spectrum within the static

quark model. Details in lecture by Skyler!



Reminder:

In the fundamental representation the generators T, of SU(3) are given
by the 8 Gell-Mann matrices A, with a=1...8: T, =" A, (see QCD).

The 3x3 Gell-Mann matrices A, are traceless, hermitian and unitary.

The 3 color states in this representation are given by (Skyler’s notation)

il o] e

I

States labelled
by eigenvalues

m; mg of T;and Ty



Reminder Gell-Mann matrices (Recap)

SU(3) Generators: T, =—A1

Gell-Mann matrices:
01 0 0 —i 0 1 0 0
A=(100]. AL=[i 00|, A=lo =10
00 0 0 0 0 0 0 0
00 1 00 —i 0 (] (]
=10 o0o0o|l. A=(oo o). A=/0
100 P00 010

0 0 0 | 1 0 0
A, = (U 0 i)- Ay = ﬂ(ﬂ 1 0) [4,,4]=0 (diagonal)

0 1 0

Lie-Alaebra: T.T,|=if, T f,. anti-symmetric SU(3) structure
J [T To | = i ™ constants w/ f,_,f,., = N3,



2. QCD Feynman rules and color factors (recap)

Aﬂ
Requiring local gauge invariance introduces 8 vector fields i (gluon
fields) and the quark-gluon interaction which depends on the color index i of

the quarks. The Lagrangian w/o the gauge-fixing term and w/o ghost term:

1
Zocp = (ji’i’}/”(D“)@ij — ZFCI:MVFC?V with i,7=1,....,3 a=1,....8

w/ covariant derivative: (D)ij = 0l —igs A, o(Th)ij

and field non-abelian tensor.  F, ,, = 0,44, — Oy Aau — 19s[Au, Avla



Feynman rules:  Colored quarks interact w/ bicolored gluons

/ Color flow

L —i9,(7,);q,;(k,)r"q;(k,)  (coupling quark current)

Aaﬂ Up to additional color
factor same as in QED
gluv

= 2
Gluon propagator amnmb g’ +ic ab

As pointed out by Tilman, the color specific factors and the and Dirac algebra
of the y matrices factorize — relevant traces of Gell-Mann matrices separate.

M| ~(T,),(T,), =tr(T,T,)

J

Remark: consistent w/ Tilman’s Langrangian but | use i (j) for in (out) going
color index

Convention: —ig9,(T7,);9,(k,)r"q.(k,)

out,in out in



Due to the non-abelian structure of the field tensor there are in addition triple
and quartic gluon couplings:

~ gs
g

Acks Feynman rule:

P3 ,

N 20 Askr s — g % [9“1”2 (p1 — p2)™® + g™ (p2 — p3)t'* + g (p3 — pl)m}

P1
Abwa x 3 gluon fields
9 9
2 . .
~ 9, (even more complicated expression)



QCD color flow for “pedestrians” |

atk) (Bl gk)
| Gluon carries color and anti-color,
represented by (T,); to couple to the
| | corresponding color states g;and g,
A
1 0 0
Chosing the color states: |r> —10 |g> ~1 |b> |0
0 0 1

and the Gell-Man matrices one has combinations such as:

—

_ 1 1 Depending on the indices
(9|7, [b) = 5 Jads (b|T,|0) = 2 ) only a selection of the Gell-
1 [ Mann matrices contribute.
< |T |b> = 5 (4 )y Need to sum over all possible
— combinations




3. Discovery of the gluon & determination of gluon spin

One of the first 2-jet events at PETRA
local parton

e'e o qa hadron dua_llty. - gk o —
partons — jets « %51 T 1
| > PWIO R ET |
9 23. April 1979 e e e R v
{Z/ erstes : 2- y -
g . hadronisches . e
£ .;{_L—"' - Ereianis . k g
7 ¢ g s
ff// 77 .
Hegowney
Remark:
. =P bLuto
RKE PETRA (1978 -) was e*e" circular accelerator at

DESY: operated at Vs between 13 and 46 GeV.

Earlier e*e- machines (e.g. SPEAR) with
Vs, = 10 GeV: ee—qq events have been
observed, however events much less jet-like

Halle SO ‘@- .
. 3% BpTasso (more spherical) due to the smaller boost.
10




Quantify the 2-jet-likeness: thrust T

> mear|  Or Expect T
close to 1

thrust axis = jet axis

Maximizes longitudinal
momentum

Thrust axis also defines the jet-axis

Jet axis follows (1+cos20)
—> Quark spin %2

NUMBER OF EVENTS
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NUMBER OF EVENTS

Gluon radiation: 3-jet events

Fig. 1112 A three-jet event observed by the JADE detector at PETRA.

But: How to exclude that the observed 3-jet signatures are fluctuations?

40+
1001 <p2>qyr <P
274 - NHGev
80 0+
— 990y = 030 Gevic)
-- qalo, = 045 Gevic)
60 “a
04
40
10
2
L i H.‘ D]..lr:mh-—rinlnnln hn
00 ol 02 0 0.2 04 08 08 10 12 14

<p?> (GeVic)?

Check transverse <p;?> outside and inside
event plane: fluctuations should be the
same: Outside <p;?> well described by 2-jet
model. Inside: “broadening” cannot be
described, even not by higher string-tension.

#3 - jet events ~015~%

#2 —jet events T
12

Exp:




Spin of the Gluon:

Angular distribution of jets depend on gluon spin:

Likely to

Ordering of 3 jets: E,>E, be gluon

(a)

X,

Ellis-Karlinger angle /*
X EEK

!(1‘

BZO0AT4 397

Figure 8: (a) Representation of the momentum vectors in a three-jet event, an

(b} definition of the Ellis-Karliner angle.

Measure direction of jet-1 in the
rest frame of jet-2 and jet-3: Ogy
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Figure 9 The Ellis-Karliner angle distribution of three-jet events recorded by

TASSO at ) ~ 30 GeV [18]; the data favour spin-1 (vector) gluons.

Gluon spin J=1
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4. qq — qq: s- and t-channel processes

The easiest process to calculate is, e.g. qq — bb at tree-level.

As in QED: in-going colored anti-quark (anti-color index j)
corresponds to outgoing colored quark (color index j)

qi(pl) b/(p4)
— — —IM = —igs(Ta )ji aj(pz )7/ﬂqi(p1)£_ gﬂzv 5ab]
qq > bb q
B . —ig, (T, )i b, (P, )y b, (P,)
q;(p,) b.(p,)

= g2 (T,),(T.), -(.-QED...)

L J
1

=g.-C(ij > 1k)-(..QED...)

14



To calculate <‘M‘2> we need <|C|2>

<|c|> ZZ|C(//—>kI|

a iI,j,k,l

C(iij—>kNC(ij—kl)=(T, )i (T ) (T, )j'i(Tb )ik
= (T, )ji (T,)u (T, )U (Ty)y = (Tr(T,T, ))’

S ONCLAAIEES Y CON

ab

2 seeQCD
9 lecture

: . 2 2
w/ QED matrix element: <‘M‘2> e (t +Uu j

Here replace e <> g,

<\M(qc‘l—>b5)\ > 29, <|C| >[t2;“ j=29§§[t2 ;uz]

15



Color factors for “pedestrians” li

AANe AN _ 16
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il

f ot
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t-channel quark-(anti)quark scattering:

(Ta )ji (Ta )Ik

q i j q
(T2), (Ta)s
g k T g
k /

18



Quark-Antiquark potential (“t-channel”):

a ;g In QED: attractive potential.
2
V(q) :—% (in momentum space)
1 g
V(§)=—(T,),(T,)s |f;’—|

For the quark-antiquark pair there are two different configurations possible:
- Colorsinglet:  [99), =, |9:G)
cz@qm;ﬁnzqnga

/
/ To describe the color octet

o olor octet: ~\  ~ a qq state assume that they
C | qq>8 (Ta )ki | q qk> result from gluon splitting

L . 1
C:(Ta)ki C(Ik —> -II)~(TbTaTb)jl = _W(Ta)j/
C

19



Summary qqg-potential

C. for color singlet: attractive

2
V(G)=— gsz .C with C= 1
g 2N,

for color octet: repulsive

This is consistent w/ the fact that only color singlet q@ pairs are
observed as bound states (mesons) in nature.

20



5. Running of strong coupling constant o,

Recap:

Running of o as a function of the physical measurement scale p? :

1 1 p?
= — [ 1+ a.(M?*)bylog — QCD lecture
as(p?)  as(M?) (H& (M%)bo log M?) ( )

A

a, (M? 1 11 2
or as(pz)z M) 2 where by =— (N, —=ny)
4 3 3

n; = active quark flavors

In QED similar function but w/o
first term ~N, — different sign!!

Using the scale Aycp (derived from Landau pole — term in brackets vanishes! )

1
b, Iog(pz/AzQCD)

with Agep = 210MeV

scale at which perturbation theory diverges

ay(p*)=

21



Measurement of g2 dependence of o,

= a, measurements are done at given scale g2: o4(g?)

a) o, from total hadronic cross section in QED

Chaa(S) = Gf(ijiD(S)|: ( ) +1.4. a,(s) +12- a,(S) +:|

T 72'2 72'3
\ ;
Y
1+ 04cp
o(ee — hadrons) ) “a,(s) a.(s)
R, = =3) Q 12 —=——+..
e PR ) - g (QED)

llNC
o) 22




Reminder: R,y in QED g _ole’e %hadrons) N, Y Q

had ~—

G(e e — zu ,Ll quarks
100 101 102
| | I T 111 I| | I T T 111
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! s Nl
I * * n}r Peak
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prediction from Quark Parton Model (QPM) RO £D QPM i

— QCD corrections

(s) a (s) 2 o e ipoms T

(04 S HRY . :
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Z pole: Vs =m,

At the Z-pole instead of the electric charge the relevant couplings are ¢,
and cy, of the quarks and the muon to the Z.

However QCD corrections stay the same:

+ + + higher orders

o, (S) a,(s)’
O-had(S):GI?:JD(S)|:1+1'05' . +0.9- - +...| for 07.4(S) look at EW lecture

| J
1

1+ 0qcp  The coefficients C, C,, C, are slightly
different from the QED prediction.

Early Z-pole measurement:
RZ . =20.89+0.13
Oqcp = 0.0461+0.0065
a,(m,)=0.136+0.019

24



c) a, from hadronic t decays: g?=m ?

['(r — v, + Hadrons)

Same principle R/ ., = ~f(a,
PHREP had ['(zt >v +euv,) (@)
v, vV, 2
. q 4+ 1 +
w — w- _
RIZad _ ! d
Vv, 2
T -Qe
"
2
ags(m;)
d —Rhad(1 S 4 +--o)
T
b) a from hadronic event shape variables
(next

d) o from DIS (deep inelastic scattering): DGLAP fits to PDFs ‘semester)
25
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Running of o, and asymptotic freedom

0.35 =

Experimental determination.

a,(M7) =

Alphas from the lattice:

0.1175+0.0010 s |

0.25

Part/cle Data Group 2021

T decay (N3LD) l—'—| i
low Q? cont. (N°LO) Fe- -
HERA jets (NNLO) H ]

Heavy Quarkonia (NNLO)
e'e” jets/shapes (NNLO+1es) H* ]
pp/pp (jets NLO) —=- 4
EW precision fit (N°LO) Fe— ]
pp (fop, NNLOQ) H+ -

a (M2)=0.1182+0.0008 & .|
7 I
Unweighted average w/ OLS oo Y
average uncertainty of the two: [
T R
a,(M3)=0.1179+0.0009 : N
I EGS(MZ‘)?U.H?Q:I:U.UGU? :
0.05 - Y TN B
1 10 100 1000
August 2021 Q [GeV]

Figure 9.3: Summary of measurements of «; as a function of the energy scale (). The respective
degree of QQCD perturbation theory used in the extraction of ey is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.:

resummed calculation; N®LO: next-to-NNLO).

NNLO matched to a

26
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