Elementary Particles 1

5-QCD

Color, Gauge Fields, Gluons, Asymptotic Freedom, Perturbative
QCD, Quarkonium



‘ Re-Examining the Evidence

Experiments probing the EM structure, like DIS and similar:
Scaling of the structure functions

Evidence for point-like constituents, funny behavior:

Like free particles when interacting with EM currents at high Q?
Never observed outside hadrons — Tightly bound?

Experiments probing the strong interaction:

Large particle zoo

Evidence for highly symmetrical grouping and ordering

Strong suggestion of a substructure: Quarks

Funny, ad-hoc rules driving the observed symmetry
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‘ Can We Believe 1n Constituents?

Besides the general, puzzling behavior observed, finally identify a number of serious
problems, cast into a few, quantitative issues:

Baryons and the Pauli Principle
The R Ratio

The 7 Decay Rate

The t Lepton Branching Ratios

From all these questions, and others, a common conclusion:

Our picture of the quark model is not complete
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‘ The Pauli Principle

Quark model:

Besides its many, remarkable successes, a central point is at issue:
The baryon wave function (space X spin X flavor) is symmetric
Pauli Principle seems to be lost, which is very bad news:

The Spin-Statistics Theorem is a consequence of very general principles of relativistic
QFT, not easily dismissed
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‘The R Ratio -1

Assume the process e"e” — hadrons to proceed at the lowest order through

e"e” — q q — hadrons

As for DIS:
Don’t care about quark hadronization, assume
the time scales for hard and soft sub-processes

to be wildly different
4o’
olete” —u p )=
( o)==
dra’Q’
U(€+€_ —q 5) = 3—Qq, Q, = quark charge in e units
s

0(6*6’ — adroni) ZO(J( - q@)

R(Ey, )= = :ZQ;

B a<e+e_ — ,u+,u_> 0(e+e_ — ,LL+/L_) p
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‘ The R Ratio - 11

R counts the number of different quark species created at any given E,, . Expect:

2

u,d —>R:[g + 1 :é Low energy
3 3 9
2) 1) 17 6
et [3] [ 3] [ 3] 9 ’
2 2 2 2
u,d,s,c— R= g +—l +—l +g :Q E >3 GeV
3 3 3 3 9
e By taking 3 quark species
3 | & BESM (1a50) (a) of any flavor:
® g @ BESI(i3m)
> S} ¢ umme 15
o [ & plle uad_>R:_
4 9
E ] | 'THR . 1
LT A A
2 ] 'J.|.*l } t ;L | & "- ] ' 30
- u,d,s,c— R=-
1 9 1 PPPP FRPT PP PPITTTPT PP FPITTTPTTRRTIPRTION I o
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E,, (GeV) em
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The 7 Decay Rate - 1

Difficult subject: Strong interaction effects are large
Originally calculated by taking p, p in the triangle loop (Steinberger 1949)

/W\ﬂ
'.'t-u ——————— {d\"
A

As for similar cases: Initial state is not a plane wave

7 spinless: Only 4-vector available p,,

—Decay amplitude ~ p, J

m

J,, = Loop axial current, to match pion —ve parity
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‘ The 7% Decay Rate - 11

With a proton loop rate OK (!)
By replacing the proton loop by a quark loop:

2 _

N s 1 -
Jix) ~ Z%%’V“VS%% =€ gu’yuvsu — d’}/ ’VSd]

3

2 2
ZT;‘Ql?:l. 2 —1. _1 :i_l:l
i=u,d 3 3 9 9 3
Ir
9

poon (70— 1Y) = 222

L e (70 — ’V’V) = 640>

NB: A whole lot of physics in this problem:
Simple guess on approximate symmetry of the initial state would lead to conclude the

neutral pion is stable!

Explanation of this paradox led to discovery of the first anomaly in QFT (Adler, Bell, Jackiw)
Advanced topic, quite relevant to the Standard Model
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“The 7 Lepton Decays

7. Heavy brother of e and u

m.= 1776 MeV
Weak decays:
pTe” @TBA %
q,q :u,d,s
/ BR(e ~18%
w- W-

- G n BR(p)  ~17%

BR(qq) ~65%

In the absence of color, weak interaction universality would lead to predict:
BR(e)~ BR(u)~ BR(qq)~33%
With color:

3r() ~ 60 % OK
3T(i)+21(il)

I'(qq)~3T(Il)— BR(qq)~
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Color

New hypothesis:

There is a new degree of freedom for quarks: Color

Each quark can be found in one of 3 different states

Internal space (mathematically identical to flavor):
States = 3-component complex vectors

Base states:

| 0 0
R(ed): 0 ,G(reen): 1 ,B(lue): 0
0 0 |

Needless to say, nothing to do with our old, beloved color concept (nature, art, politics..):

Just a name for another, non-classical property of hadron constituents
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Benefits from Color Hypothesis

Provided one can build a color wave function for 3 fermions which
1s antisymmetric, the Fermi statistics problem is solved
Total wave function of a baryon

Zp — cholor ?ﬁorbiml Zpspinqﬁﬂavorj - ,(pcolor: Antisymmetric

Symmetric

To account for 3 different color states, the R ratio must be multiplied
by 3 — OK with experimental data

Just the same conclusion for hadronic 7decays: Multiply rate by 3

The correct 7 rate is obtained by inserting a factor 9
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'Real vs. Virtual Quarks

Observe:

When computing R, 7decay rates we add the rates for different colors
—Factor x 3

We deal with quarks as with real particles: Ignore fragmentation

When computing 7 decay rate, we add the amplitudes
—Factor x 9

Quarks in the loop are virtual particles: Amplitudes interfere
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‘ Color as 2 Quantum Number

Must be possible to build hadron states as color singlets
Do not expect hadrons to fill larger irr.reps.:

Would imply large degeneracies for hadron states, not observed
In other words:

Color is fine, but we do not observe any colored hadron
Therefore we assume the color charge is confined:

Never observed directly, as it is the electric charge

Why? For the moment, nobody really knows
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‘ Non-Existing Colored Hadrons

How colored hadrons would show up?
Just as an example:

Should the nucleon fill the 3 of SU(3), there would be 3 different species of protons and
neutrons.

Then each nucleon level in any nucleus could accommodate 3 particles instead of one:

The nuclear level scheme would be far different from the observed one

Spring 2011 E.Menichetti - Universita' di Torino 17



The Color Group: SU(3),

Guess SU(3) as the color group
Take the two fundamental decompositions:

333=198083%10 Baryons
33 =158 Mesons

Both feature a singlet in the direct sum: OK
No singlets in 3®3: OK

Can’t say the same for other groups...

Take SU(2) as an example:

Say the quarks live in the adjoint SU(2) representation, 3
Then for 44

Observe: This is 3 of SU(2), which is quite different
3IR3=103d5 from 3 of SU(3)

Diquarks can be in color singlet
—Should find diquarks as commonly as baryons or mesons..
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"The Color of Quarks

]3C:§, Yczﬁ

3)13 2 \/5
Gy, oF Koy LR
R +1/2 +1/3 R -2 -13
e S G -1/2 +1/3 G +1/2 -1/3
% B 0 -23 B0 +23

Beware: SU(3). has nothing to do with SU(3):
Quark quantum numbers are independent from their color state

They are left unchanged by QCD transitions
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‘ The Color of Hadrons

According to our fundamental hypothesis:
Mesons: 33 =138
1, — _ _
— 9. =—=(RR+ GG+ BB
. |
Baryons: 3®3®3=168083®10

(RGB— RBG + GBR — GRB + BRG — BGR)

1
—>¢C_ﬁ

In both cases, pick singlet
Mesons: No particular exchange symmetry
(2 non identical particles)

Baryons: Fully antisymmetrical color wave function
(3 identical particles)

Spring 2011 E.Menichetti - Universita' di Torino

20



‘ Full Color Hypothesis: OCD
yp

Color: A new degree of freedom for quarks
Compare to other quantum numbers:

Baryonic/Leptonic numbers
Conserved, not originating interactions

Electric charge
Conserved, origin of the electromagnetic field

A deep question:
What is the true origin of the electromagnetic interaction?

We have used freely the interaction term ] K Aﬂ, only based on the classical analogy:
Is there a deeper origin for it?

Spring 2011 E.Menichetti - Universita' di Torino

21



‘ OED as a Gauge Theory - 1

Symmetry:
Absolute phase not defined for a wave function.
Expect invariance as per our old acquaintance, Noether’s Theorem

L,= @(x)(iv“@u — m) (0 (x) Free Dirac Lagrangian

Global gauge (=Phase) transformation:

G:Y(x)—'(x)=Upp(x)=ep(x) ¢b: New phase o Charge

— L, invariant wrt G — Charge conservation

Just meaning:

Take all particle states, re-phase each state proportionally to its charge
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‘ OED as a Gauge Theory - 11

Generalize to local phase transformation:
G, :(x)—=Y'(x)=U(x)= g 1 )w(x) Local gauge transformation

— L, notinvariant wrt G, : Derivative term troublesome

Ly =D (x)(i7"0, —m) v (x) = Ly =it (x)e "y"D, (e ) (x)) = mi) (x) o) (x)
Ly =i (x)7"0,3(x) g, [0 (x)] ) (x)] — i (x) ¥ (x)

Ly ={it) (x)7"0,(x) + 40, [0 (x)| (x) = mt (x) (x)}

L' = |ith (x)7"0, 9 (x) = mp (x) ¢ (x)|+ 40, [0 (x)] ¥ (x) = L,

— Local gauge invariance cannot hold in a world of free particles

Symmetry requires interaction
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‘ QOED as a Gauge Theory - 111

New transformation rule:

Y(x)—= ' (x)=U(x)= e 1y, (x) As before
A (x)—= A (x)+q9,0(x) New character in the comedy

1

Equivalent to re-define derivative for v :
9, —0,+igA, Vector field

Add a new term to Lagrangian:

L=—qy (x)v“@b(x)Aﬂ Interaction term

J

Same as classical electrodynamics

Sum i1s invariant
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1

‘ —
| 4

— FUE,, P =0

pv?

D as a Gauge Theory - IV

...And another one:

— 0" A" Field energy

Must be there because the field carries energy+momentum

Reminder:

F" is the EM field

0 —E, —E, —E.
o _ E. 0 —B B,
E, B. 0 -B,
E. -B, B, 0
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‘ QOED as a Gauge Theory - V

Field must be massless to have L gauge invariant

%mzAj — %mz(Au (x)+¢ G#H(x))z z%mzAj if m=0

Consider all the phase transformations as defined before:
V(x)= ' (x) = Ut (x) = " (x)

The full set is a group: U (1) Unitary, 1-dimensional

o (%) e—iqf)z(X)w( x)= o A U)

1 parameter: 6 (x)

Abelian : e_iqel(x)e_iC’eZ(x)w (x) = e_iQHZ(x)e_iqel(x)Qﬂ (x)

U(1) is the (Abelian) gauge group of QED
Equivalent to SO(2), group of 2D rotations
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‘ QCD as a Gauge Theory - 1

Extend gauge transformations to a 3-component wave function:

U
V="
Vs
Global gauge transformation: Phase change for individual components

— Phase change will mix color components

G, : \y(x) — Y '(x) =U, -\y(x) —e M -\y(x) U, unitary — M Hermitian
—igM . (—igM)2 .. )

e :1—ng—|—T—|—... M : 3x3 Hermitian matrix

M acting on the 3 color components of the quark state

Since the color symmetry group 1s SU(3) :

M= Zgjxiei
i=1

4 : Vector of 8 3x3 Gell-Mann matrices; 0 : Vector of 8 parameters

2-6
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‘ QCD as a Gauge Theory - 11

As for QED, extend to local gauge transformations
As before, in order to guarantee invariance of L :
— Re-define derivative adding new vector fields:
d,—0,1+igC,
4-vector field Lorentz structure
ne 1Matrix c SU (3) c Color space

We know how to express any Hermitian matrix € SU (3) o

Use SU (3) . generators — Gell-Mann matrices

8
—C, = %ZGZM =G, -4 8 tields required: Gluons

So gluons are a bit like 8 different “photons”, exchanged between
color charges

But: They are non Abelian

Spring 2011 E.Menichetti - Universita' di Torino
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‘ QCD as a Gauge Theory - 111

Local gauge transformation for SU(3),. : Very important: New term, coming from SU(3)

v (x) —y '(x) =U,y (x) _ e-igz.é(x)w (x) being non Abelian

8
G, (x) — G, '(x) =G, (x)—l—@lﬂ“ —|—gz f“bCGz (x) 0° (x) a=1,..,8

b,c=1

Reminder:

l)\za ,)\—A = if )\—26 f: SU(3) structure constants

iy, —m)\p(x)—> L,+L

i
||
<
=

-G p Interaction term

8
—ZG“” -G = —iZIG;’V -G Field energy term
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‘ QCD as a Gauge Theory - IV

Take the expression of fields in terms of potentials:

Very important: Absent in QED (f=0)
New term, coming from SU(3) being non Abelian

G, =0,G—d,G" —

— G}, Gy, contains terms with 9,G;' -GG’ ,G.G; -GG,

3 glzlons 4 ghvlons

These pieces of L correspond to 3 and 4 gluons vertexes

The form of QCD Lagrangian leads to predict the existence of a new kind of gluon-gluon color
interaction
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‘ QCD as a Gauge Theory - V

Since color interaction is tied to color charge, we are saying the gluons carry their own
color charge

Sounds unfamiliar? Well, that’s all after playing with a non-Abelian gauge group.
Unlike the electric charge, color charge can manifest itself in more than one way.

Indeed, gluons carry a type of color charge different from quarks/antiquarks:
Color + Anticolor

Spring 2011 E.Menichetti - Universita' di Torino
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‘ QCD as a Gauge Theory - VI

QCD Vertexes

ig )\—2"% Similar to QED:

xX g (Lorentz structure not shown)

x g’ (Lorentz structure not shown)

Spring 2011 E.Menichetti - Universita' di Torino
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‘ The Color of Gluons -1

Compare to mesons in SU(3),:  Flavor + Antiflavor
But: Gluons are not bound states of Color+Anticolor!

Still, they share the same math:
Gluons live in the adjoint (8) irr.rep. of SU(3),

[2)=~
)=~

7>:—$(b§—gl;),\8>

4) = %(rg + gr),

(rb br)

&\

)= (7~ )
6>:%(b§—|—gl;)

(rg —gr),

w a -

(rr +bb —2g%

v
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"The Color of Gluons - 11

A very natural question: Gluons couple to gg

Since one can decompose the total gg color state as:
303 =148

Then: Where is the singlet gluon?

Does not exist: There are only 8 gluons, not 9

Should the singlet gluon actually exist, it would behave more or less like a “photon’:
Would be ‘white’ ( = Singlet)
Would couple to color charges in the same way as photon couples to electric charges

Would give rise to a sort of “QED-like”, long range color interaction, not observed

Spring 2011 E.Menichetti - Universita' di Torino

34



‘ Color vs. Charge Flow

Compare the different situations:

carica=0

flusso di carica flusso di colore

QED QCD
Photon is neutral Gluon is colored
Neither sourcing, Sourcing color,
nor sinking charge sinking anti-color

fmm COlore.:E!c.
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‘ Comparing OFED and QCD -1

Comparison of coupling constants:

avs. o, Adimensional constants (Interaction strength)
Can define elementary charge in terms of & ¢,

Measure particle charge by its ratio to elementary charge:
Number

What are the allowed values for these numbers?

Spring 2011 E.Menichetti - Universita' di Torino
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‘ Comparing OFED and QCD - 11

QED: Gauge group is Abelian

Electric charge can be any number:
No reason for charge quantization

Photon charge is strictly 0

QCD: Gauge group is non Abelian
“Color charge” value is fixed for every representation

Quarks: 3,3* — Q =4/3

Gluons: 8 —Q=3 Similar to I(1+1) for any isospin ( SU(2) ) multiplet
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‘ The Color Factor

Consider the static interaction between 2 charges:

QED  For fixed ‘q , the 'charge factor' can be defined as:

f :qlqzz{ —I_l q1q2>0
2 ‘q‘z —1 4.9, <0

Very simple for an Abelian interaction

QCD  The ‘color factor’ depends on the irr.rep. of the color state
Representation dependent

Identical for any transition in a given representation

—Color Conservation

Less simple in this non-Abelian interaction

Spring 2011 E.Menichetti - Universita' di Torino
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‘ The Effective Potential

Matrix elements just calculated:
Very similar to the corresponding tree-level amplitudes in QED

—Expect similar, Coulomb-like, effective potential in the static limit

Constant depends on the color representation for the quark pair:

4 o :
———=  singlet
V. — 3r Attractive
qq 1 Y
—— octet
6 r
[ 2q, :
3 triplet
r i
V)= Attractive
l o
— sextet
3r

Expect maximal attraction in singlet
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‘ Baryons

Baryons could be in any one of the 1,8,10 representations:
Why only the singlet is observed?
A hint of an explaination:

30303=(323)®3

33=603 - (303)83=(603")®3
623=1008

3®3=1508

1: each qq pair is a triplet — attractive
8: qq pair can be triplets, or sextet — attractive + repulsive
10: each qq pair is a sextet — repulsive

So singlet is the state maximally attractive for 3 quarks

Does this explain the singlet-only mystery of bound states?
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‘ Another Color Interaction

Non Abelian vertices: Gluon-Gluon scattering at tree level

=TT TR X

@TBA

3—gluons:Ax g

4 — gluons : A x g2 Much harder to observe \\\‘ - /’/

Compare: 1 ‘
In QED, photon-photon scattering amplitude occurs at order &’ -
through the 1-loop diagram

Spring 2011 E.Menichetti - Universita' di Torino
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Is QCD Really SU(3) ? - I

Test for non-Abelian couplings at LEP: 4 jets events

Special angular correlation from 3-gluon vertex amplitude

Spring 2011 E.Menichetti - Universita' di Torino
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Is QCD Really SUG) 2 - 11

Look at distribution of a special angle, sensitive to non-Abelian

couplings:

Bengtson-Zerwas angle between
energy-ordered jet axes

(Elev_'__v 2E32E4)

30

20

Event Fraction (%)

10

rT7Tl i rTTr T

L3 (1990)

LI

I U N I N B B
8
..\:\\\

\\\

® DATA

[ A N I

0’ 20° 40° 60" 80°
x nz
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‘ Running Coupling: OFED - 1

Consider the one loop modification to the photon propagator:

- Includes a sum over P, the momentum circulating in
\ the virtual loop. No obvious bounds on P..

uik)

eu (P Q)] [€E<P_q)7V'”(P)] 8w |,

M oc|eit (k") y"u(k o Peqf - et (p')y"u(p)]
Modified propagator:

8w 8w dp’ 2 1—

o (1=1(g)). 1(4*)= o P O‘fdxx1 x)In{1— xfnz J
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‘ Running Coupling: OFED - 11

Take the high ¢? approximation

—¢*>m* —n|l— q2x<12_x> ~in|-L
" m Provisional upper bound (cutoff) to make
v
I( qz)N 37T%de B 2« f dxx - x)ln £ 2 integral to converge
1) 5 el - )
w xalab k) | 2 o)

Cartoon translation: \ N/ M 1 m@m
P o
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‘ Running Coupling: OFED - 111

Extend to diagrams with 2,3,...,n,... loops: Add up all contributes
Sum of a ‘geometrical series’: Converging ??

1
1*W®Mﬂ

Experts say this is the only contribution to running & to the ‘leading logs’ approximation,
which means neglecting the next levels of iteration
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‘Runmng Coupling: OED - 1V

a

M “[ﬁ(kv)wuu(kﬂ guz'/ 1+a/37rln<M2/_C]2>

it(p')y"u(p)|

What is o?

Coupling 'constant' we would get should we turn off all loops
Call it o, = '‘Bare' coupling constant, not physical:

Loops cannot be turned off

Then obtain an effective coupling, not constant but running:

a(q’)= 1+a0/37r1n( M?/—q’)

ais ¢, or distance, dependent!
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‘ Running Coupling: OF

ED -V

Running « is still cutoff dependent, which of course is uncomfortable

But: Not a real problem.
Indeed:

0*=—¢'~a(Q’)= 1+(a0/37r)10n(M2/Q2)

Take a particular energy scale: Q* = 11°
%

1+(a0/37r)1n(M2/,u2)

—afut)=

Usually choose 12=0, i.e. take « at distance — oo

Quite natural in QED (but not compulsory)

Spring 2011 E.Menichetti - Universita' di Torino
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‘Runmng Coupling: OED - VI

M2 M2 2 2 M2
ln[Q ] In Qz% =In| =% —I—ln[ ]
—>a(Q2): 1—|—(a0/37r)[ln(M2;,uz)-l—ln(,Lbz/Qz)]
—>a(a;z)zl—I—(ozo/%r)ln(Mz/uz)
—a(0?)= o _ a(s’)
ozo/oz(,uz)—I—(ozo/37r)ln(,u2/Q2> 1—[04(@2) 37T}111(Q2/,LL2)

Very interesting result: Running « depends on ¢?, through its own measured value at any chosen
energy scale (2.

Cutoff has disappeared.
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‘ Cartooning Deep Physics

Virtual (loops) e*e” pairs Effective shielding
e e -
A
; + 4 +\\
= ) = ‘,/ n e
2@ | -+ O +-
S t

@TBA

Picture the QED perturbative vacuum as a sort of (virtual) dielectric medium: Virtual photons
and et*e pairs continuously created/annihilated

Bare charge is shielded at large distance by the virtual pairs coming from loops. The standard e
charge 1s smaller than the bare charge

By probing the electron at smaller and smaller distance, observe an increasing effective charge
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‘ Running Coupling: QCD - 1

Repeat all the steps: Loops etc

Except this time one has more loops: Gluons
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‘ Running Coupling: JCD - 11

Turns out gluon loops yield anti-shielding effect
With 8 gluons and 6 quark flavors, gluons win

‘|- e
o ) 2 )

Running coupling decreases with increasing g? (or at smaller distance)
This 1s known as asymptotic freedom:

Large g processes feature small coupling — Perturbative!
Most important consequence:

The fundamental hypothesis behind the successful parton model is
finally understood and justified

Spring 2011 E.Menichetti - Universita' di Torino
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‘ The Meaning of A

Rather than making reference to a specific value of o
" o, (12
(7)) = 1+(a, (17)127)(33~ 20, )In(|g?] /1)

define a new constant

127
(33—2nﬂawr )ozs (,uz)

127
(3= 20y, Jou (i)
127 127

— (‘qz‘)’z (33—2nﬂaw>ln<‘q2‘//\2) - 21ln(‘q2‘/1\2)’ ‘q2‘>>A2

A = Renormalization scale — Fixes «, at all ¢°

InA*=Inp° — — AN =p’e

A =200 MeV yields the correct o, at > =M ;0

Funny behavior, known as 'Dimensional Transmutation':

From an adimensional constant to a dimensional one o, — A
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‘ Confinement

o ( 127
' 211n(\q2\/A2)’

When ‘qz‘ ~ A?, the previous expression does not apply

RS

/-

Q, (AZ ) is large
Strong interaction is strong
Cannot rely on perturbative expansion

In a general sense, we expect A to mark the low energy range,
corresponding to soft (low g?) processes

Bound states: Non-perturbative, ‘white’, energy scale = A
Does a(A?) correspond to the color confinement range?
Very likely. But remember:

It is not yet convincingly shown that QCD is a confining theory
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‘ PQCD: Jets in e* e Collisions - 1

2 jets
e" +e — qg+q — hadrons
@TBA
do 3o’ P A C——
°g —<1 + cos® 0) Z e i ST
dQ 4S flavor ’z’
0.38 y
Ara’ 5 " / -
- U(S) = Z eﬂavor é 0.36 //’ a
S flavor § +/; |
Define sphericity of events: 5 0.34 .
2 @ B -
3 Z Pl 0 2-jets % 032 - |
S = —- 2 — . o - —
2 Z D; 1 spherical 030 | |
0.284;'1_ 1 P | | ) FRe | _]L
20 40 60 80

Eom (GeV)

At high energy, events tend to be non-spherical
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PQCD: Jets in e™ e Collisions - 11

For 2 jets events

do 5 . |
EocH—cos 6 quark spin = 1/2
2
p = l+acos 0
o > :
—o1—cos” 6 quark spin = 0
Q
() T l 1 —~ 2 .v T | T T T T T T T
l G?1's_ e ALEPH 3
1.2 - - % .6 b MC detector level 3
8 7 | == Mc porton level ]
1.0 §1.4 : ¢
RREN: .

!’I -G’!
gt

-3 0.8 E
0.6 =
0:2 :
2 O 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.8 :l
@TBA cOS(Onamsr)
Mark I (SPEAR) ALEPH (LEP)
E = few GeV E=90GeV
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‘ PQCD: Jets in e* e Collisions - 111

3 jets

Left breathless by this exceptional
3-jet from OPAL?
Relax, this is not exactly the rule...
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PQCD: Jets in e* e Collisions - IV

Get a measurement of o, :

o (35GeV ) =0.146 £+ 0.03
oy (M, )=0.124+0.0043

O3_jet 1
R3 Otot * Ols(Ecm) * nE.,

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

Bl s ———————————
[ e PETRA i Nr———————— ] s
zq: © PEP i : i B JADE x AMY A ALEPH
i ) / g | + TASSO * VENUS 0O DELPHI
[ A TRISTAN .;i : Io) Mk-ﬂ ® LS J
20: ¢ LEP If{ _' 25 '-\ //' A OPP&L ]
- & 1 / : 2
= | & : " , u—Abelian O(a3)
P IS¢ P L= \ﬂ& / o =const. |
“ = o L x-' // _/ J
10 ",.f‘\Asymptotic ] 20 {i b‘{{ o T T TS
[ Freedom ((Q(q,,)) i L P
[ s = ~ ] i / / {L b
5 o -
: T 1 I R QCD Az =251 MeV
0.. ) | , , 13 1 — . .
0.05 0.10 0.15 020 0.25 030 0.35 20 40 60 80 100
1/In(E,, [GeV]) E m [GeV]
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'PQCD: DIS Scaling Violations - 1

Our picture of structure functions

Single Dirac Three static Three interacting +higher orders

proton quarks quarks

I -— % @TBA
q°(x) q°(x) Y UAC) B

g‘ low X
Ej ’//m;IJm X
high x
e » InQ?
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'PQCD: DIS Scaling Violations - I

QCD on F, (x,QZ) :
x —dependence — Not predicted

Q2 —dependence — Predicted !
XN N

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation:
Successful prediction of Q? evolution of structure function

B (@)= o)+ 4(50)

2 X

Bafn@) =2 [ 20 [£]n[ L] .

Deep waters...
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'PQCD: Drell-Yan

Angular distribution in the pair
a rest frame

q  p=xpl

Expect o< 14cos’ 6" as usual

/
2 _O<m @A 22 [ I [ l
do(qq —1'1") _4ma® .
qu - 3q2 eq (q o SQ‘?) ‘Z: %
x,,x, Bjorken x for q,q
2 2
Sqa :(pq +pc7> =<x1p1 +x2p2) = XX, S
_ L\ 4mat : :
J(qq — "] ): —e,, €, = quark charge in e units
q O 0.2 04 06 08 IO
=79 ICOSGE_J.I 371742
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‘ PQCD: Jets in Hadron Collisions

102
Q F CDF Run |l Preliminary
g 10E Integrated L = 177 pb”-1!
s 'F 0.1 < 'h#7Det!] < 0.7
w__10 5 E JetClu Cone R =0.7
< 10°
o 107 —
10 E
10° = = RunllData @TBA
10°C | | +/- Systematic Uncertainty
107 T —NLO pQCD Uncertainty (CTEQ 6.1)
10" E e NP BT

A A | J I
0 100 200 300 400 500 600
Inclusive Jet E, (GeV)

Cannot rely on triggering on a single, high p, particle
Devise a calorimeter trigger based on fotal transverse energy observed

Zpﬁ) = Zpl. sin Hi ~ ZE?
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‘ PQCD: 2-Body Partonic Processes

Consider all the 2-body processes in QCD:

99 — 4949-99 — 99 Quarks only
q8 — 498,98 — 98,88 — 88-99 — 88-88 — 99 Quarks and/or Gluons

All will yield 2 jets to first approximation

When quark only processes can be identified, expect: 1 l \

%
do  mal M‘z “F 1
d(cos9*> 25, s + A
) +/+
Si :(xipi+xjpj) N XX S 1o —b-t .

— ‘M‘z x1+cos*f" as usual

05 —
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Jet Fragmentation

Complete jet evolution cannot be computed in
a full QCD framework:

As shown in the picture, increasing time scales
correspond to decreasing Q? scale, down to a
region where perturbative expansion cannot be  Space

granted

Conversion of quarks and gluons into hadrons Time
(Fragmentation or Hadronization) must be
evaluated by ad-hoc prescriptions (models).

< .
QCD-inspired, successful models often based £ES O 2 E8
on string-like behavior of ¢4 pairs = F R
e e =
—
" . - .
91 10 1 [GeV]
@TBA
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‘ Valence and Sea

Take a Hydrogen atom:

Common wisdom: “A bound state of proton + electron™
But: Consider the effect of radiative corrections (e.g. loops)
Then we should be more precise:

Hydrogen = (Proton+Electron)y,.,.. + (Positrons+Electrons+Photons)s.,

Can we say valence and sea particles are fundamentally different? Well,...

In a bound state, both are off mass shell
Both are active in yielding measurable effects (Coulomb levels vs. Lamb shift,..)
Sea particles yield small corrections to levels determined by valence e+p

Take a hadron:
Hadron = (Quarks/Antiquarks )y, e + (Quarks/Antiquarks+Gluons)g.,

Since a,>>a, sea effects are much larger in QCD
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‘ The Quark Parton Model - 1

Write down F, in terms of PDFs




‘ The Quark Parton Model - 11

Consider the deuteron structure function:

Finally extract PDFs from measured F,

, (x)=xd, (x)=3F7 (x)- S B (4

s, () =, (x) =37 (x)+ 2 (4
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Parton Distribution Functions

quarks: xq(x)

1 T IP 6 Id T T 10 T pld T T 06 \| 1 I I T
|\ 3F) — 2F5 —"xu(x)" —— \ FP2% [x = u(x)" —— 2 2
'»1—3!-‘," + 2 Fd —"xd(x)" —— * FPOIx —"d(x)" +——s 05 b Q= Theay
08 b\ 2 ] gt | CTEQS6D fit
I \
l»i 04
_ 06 Q’=276ev? | _ 6} [ Q*=27GeV? 1 .‘
3 > \ |
T 1 5\\\ NMC data = *'.,' NMC data 0.3 pi\ Ay Uy
04t : \ CTEQ8D fit 1 4t "-i CTEQ6D fit . {
e\ 1\ 0.2 /|
) N H A\ :
\! T\ :_7
02 | \ . 2t ' \ 1 na { \ \ds
: @TBA L ) @TBA sg ug |
i, 1 ] -1 q CS | e o~
0 1 1 1 N U U
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08
X X X

Among parton model predictions: Sum Rules ( = Integral relations) for PDFs
Examples: Proton quark content is uud

f:up (x)—b_tp (x)]dx =2
[ld,(x)-d, (x)lx=1
f:sp (x)—?p (x)]dx: 0
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The PDFs at Low x

"~

¥ b R M |
‘ ‘ Data-based calculation
MRST partons Q =20 GeV~ . .
Low-x region very important at LHC
15 b 4 Example:
Production of a Higgs with m, = 140 GeV
fb‘ '\‘\“
' i 7 TeV 7 TeV
» 4 p
—_— 0 44—
m ~ 140 GeV
| —  x ~ oY . 001
7 TeV
"""" @TBA
010* - l““1]:)'3 - “mll;': - “m:lo" 1
X
Spring 2011
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‘ Running &,

Coupling constant,o (E)

0.4 | @TBA
0,3
Sources:

0,2

] DIS

] Jets
91 Quarkonium
O’O ) I 1 1 l L I | 1 1 | L I

1 2 5 10 20 50 100 200

llustration: Tupoform Energy, GeV
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‘ Positronium

n=2

5.1eV

L

PARA ” ORTHO n notation N%5*1L;
P=(-1)-+,C=(-1)-+s
26, (-1)+1,C=(-1)
, A1 (AL=1, AP=0) \. 23P,
_ 25, R, . 1p
: 23R
X \ 1351 _Aw (AL=1, AP=1)
Lus, “p
@ T= 08p5
1=0 1=0 I=1 I=1
S=0 it S=1 t#t S=1 1 S=0 it
= JPC=Q+ = JPC=1 = JPC=Q++ 1++ 2+ = JPe=1+

@TBA
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Permutations of 2 photons
—2 diagrams altogether
















Permutations of 3 photons
—6 diagrams altogether




Quarkonium

Family portrait of —onia:

Positronium
3

10k 2°5,
2 2’?;\_
(7] 1
1 il
=2 L M1 PP ——
W
a

2p,
of 2!
=

(1] S
>
> 5.1eV
I L
w M1 (8.4 x 1074 eV)
4

OF =tk !

2y | So
L =k s
0-‘ 1—— tl):: l'-
7€ o 2"

Mass, GeV —

Charmonium
W(4160) M-
W(4040)
4.0t /.
DD
W(3770) N
S DD tweshold | __ |
25, ¥(3685)
1°P; —;'—H
35 H Pey=p—H
lJPo—rH

A

3
%W(W)
~
3oF I
i 1 (2980)
Hadronic
“TH decay
L L L
o ="
Iﬂ
200

Bottomonium

@TBA

10.5

100

9.3

45* T (10580)

3s

T (10355)
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Lite Quark

- — 11.0
45 W (4415)
| —— - }
L \r (4159) .
—
‘-,‘ =4
v (4029) 1
a0 - ~ | 10.5
- - NA
3 (3]
3 rrssnes 3
) - 7 -
2 e 8T% \, TSl T 2
5 TN X st = 100
38— \ ~ —_
I, 1% f3“5|/l 4 ,-'/T/ |
- i 05
1, (2981) X
3.0 ; )
. y T +hadions 4
hadrons
JPC:- 0-‘ l-— 0" 17-0 2Q+ 17—
o€ bound states

@TBA

onia

Y (11019)

.
Y (10865) B8

-1}
Y (10577) ME)

. " .
88

Y (10355) y

Striking similarity, same energy scale above ground state

Yoy (9892) D

Y A
¥ ty0198607,

ey - v
/Y ) hadron

0 - 1+ + 2, -
bb bound states
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‘ Quarkonium & Schrodinger - 1

Reminder: Bohr radius

n’ 1

R=— R =—o
am am

Consequence of Coulomb potential, static limit of 1 photon diagram
If 1 gluon exchange approximation can be granted, expect for quarkonium
1

Rq?z ~
am

Observe: m large — R small = ¢, small

Must keep in mind thegg potential is confining
Add a phenomenological, confining term like this:
4 o

V(r): — rs + ar

Solve Schrodinger equation with these terms

Add more terms to take into account relativistic & color-hyperfine effects
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‘ Quarkonium & Schrodinger - 11
g 1 | QCD potential
S
05 | V=_%?
' Confining
ol ey
-05 T ,f! Coulomb—like
3
f
-1t}
{ as=0.3
-1.5 f k =1GeVfm™
o
!
P mody X W2S)
0 02 04 06 08 1 1.2
r (fm)
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‘ Quarkonium & Schrodinger - 111

Level diagram: Coulomb-like + Confining term
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‘ Quarkonium & Schrodinger - IV

ISO 381 lP[ IPO 3Pl SPZ II:)2 3Dl 3[)2 3]:)3

4,75 I I I I I I I I I
4,50 | (I
W(4415)
4,25 |- |I|
V(4160)
400 (4040) ——
(2P — I
375 k= _ _ e ——
_._I'\JJ(ZS) (3770)
3,50 Fn.(25) —8 —e——8
hc m Xel Ke2
3’25 | Xc0
——
3,00 —— J/\|J

] ] ] | | | | | |
0t 1= 1t 0ft 1+ 2+t 27F 1= 27 3

@TBA
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‘ The OZI1 Rule

Okubo-Zweig-lizuka Rule: Disconnected diagrams are suppressed

X

(

X A

V

This diagram is connected

This diagram is connected: BR 83 %
(with smallish phase space)

This diagram is disconnected: BR 15 %
(with much larger phase space)

P >
<
5
C  »
¢ .
o
@ <
Spring 2011
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‘ The OZI1 Rule and Charmonium

Compare mass and width

80 keV \ JF=I"
L =250 ke JC=I0

Iy
_ \ Explaining the small width:
c

Non permesso energeticamente

m, =1865 MeV — 2xm , =3730 MeV >m,, ,m,

Therefore J /1), ' decay to open charm

is energetically forbidden
/ — Decay diagrams are disconnected
/ — OZI rule: Decay is suppressed

— States are very narrow

Jiyy

AY
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‘ Origin of the OZI Rule

As a general rule

— Aoca] n=number of gluons

Connected diagrams: Small number of soft gluons — A = large
Disconnected diagrams: Large number of hard gluons — A = small

Indeed:

Single gluon annihilation is forbidden for mesons by color
conservation (meson = I, gluon = §)

Annihilation of massive quarks yields hard gluons— ¢, is small

Connected diagrams involve softer gluons — ¢, is large
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| Quarkonium: 2,3 Gluons

Consider quarkonium annihilation into gluons:

gq — g Excluded: (q@)l >< (1g)8
qq — gg Allowed
qq — ggg Allowed

Decompose the direct product of 2 octets:

8R8=10808010010" 27

Charge Parity: é
J“=0"—=C=+1—2g OK

J=1"—-C=-1-3g OK \\

Perturbative regime: A(2g)>A(3g)

—Pseudoscalars wider than vectors
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‘ Quarkonium Annthilations

By comparison with positronium:
(€77 ) min = 7Y
[( )= M —\w i

|e — —e —a—— a Quark charge

X9 Sum amphtude over colors

48a° 2
)= =2 e (0)
B But:

<CC )charmonium — 88

From SU(3) algebra: 2 g in a color singlet state Positronium rate was obtained by taking the
9 low speed limit of scattering amplitude to 1-

Color factor = < photon approx

_ 20} 2 . .
[|(cc)— gg|= ~ Ve (0)‘ Is it granted for cc ?
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Crystal Ball - TII

Icosahedron magic: Platonic solid, 20 equilateral triangle faces

AVA
VAV

@TBA

Triangle count:

Large triangle 20 Small triangle 80 Crystal < 720 (edges)
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Figure 11.2: The photon spectrum from T‘ decays obtained by the Crystal Ball Collabo-
ration at DORIS II. A triplet of lines corresponding to T — yxs(2Pa 1 o) is seen between
100 and 200 MeV. The decays x5 — 4T produce the unresolved signal between 400 and
500 MeV [R. Nernst et al, Phys. Rev. Lett. 54, 2195 (1985)).
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FIG. 6. Invariant mass distribution of electron pairs for
the 1991 ¢’ scan (open area) and for the off-resonance back-
ground normalized to the same luminosity (shaded area).
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‘ Non-Perturbative QCD

Needed to deal with bound states and soft interaction regime
Very difficult problem
Different approaches available:

Lattice QCD

Chiral Pertubation Theory

Non-Relativistic QCD
Heavy Quark Effective Theory

Deep waters, not even surfed in this course
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Lattice QCD

Perform QCD calculations over a discretized space-time (lattice)

qq potential from lattice

@TBA
: i Charmonium i
Bali et al. _
- DD thresholdA
7, =0.5 fm I e i
- RN -
it " —— —_——
G = - i
s T - -
> 5T l
H B i
-
i L, . -

V (r) = ———4ar : Notabad idea after all... = Example:
3 Charmonium levels from lattice
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