Fall 2016

Elementary Particles 11

1 - QCD

Color, Gauge Fields, Gluons,
Asymptotic Freedom, Confinement,
Perturbative QCD, Quarkonium
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Re-examining the Evidence

Experiments probing the EM structure, like DIS:

Fall 2016

Scaling of the structure functions:
Evidence for point-like,charged constituents
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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Constituents?

Fall 2016

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

Baryons and the Pauli Principle
R Ratio

7° Decay Rate
T Lepton Branching Ratios

From all these questions a common conclusion:

Our picture of the quark model is not complete
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Pauli Principle

Fall 2016

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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R Ratio -1
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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
2
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wn
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o (€+€7 —q 7) = TQq Q, = quark charge in e units 5
_ . olee” —qgqg 5
o (e*e — adrom) ; ( qq) ) Sum extended to all accessible %E)
R(ECM): - R + - - :ZQ(J 2
J(e+e — ) o(e e —up ) - quark flavors — 2m_ < E, E




R Ratio - 11

Fall 2016

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

2

u,d — R= 2 + ) Low energy
3 3 9

2 2 2

u,d,s — R= g + —l + —l :é E>1-1.5 GeV
3 3 3 9
2 2 2 2

u,d,s,c— R—= 2 —|——l —|——l —|—z :& E >3 GeV

3 3 3 3 9

By taking 3 quark species
of any flavor:

u,d—>R:1—5
9

1
u,d,s—>R:—8

30

u,d,s,c— R=—
9

o
£
o
|_
ho]
©
=
wn
S
)
=
C
-]
1
=
()
<
O
C
(o)
=
L




R Ratio - 111
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7’ Decay Rate - 1

Fall 2016

Originally calculated by taking p, pin the triangle loop (Steinberger 1949)

/W
' =ud. N

Steinberger’s calculation:
Yukawa model to account for zpp vertex
Point-like nucleons — QED couplings to photons

Nucleon current in the loop: 4-vector J#
[Actually axial vector, to match pion —ve parity]
7 spinless: Only 4-vector available p p
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¥ Decay Rate - 11
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With a proton loop rate OK (!)

By naively replacing the proton loop by a quark loop:

d _
IR a v Y = e[% uy"' Y u —%d V'yd ]
Amplitude: 2 vertexes
Each vertex o« Va = e — Amplitude o e’

Sum over light quarks u, d:

2

E

2 2 :5

ya = 12 L |=efd Yot :
i=u.d 3 3 9 9 3 5
=

1 )

Ly (70— 77) = o L oo (7" —=yy) 27 -
()

— Wrong by a factor 9! é
=

LU

Bad news for the quark model




7’ Decay Rate - 111

Fall 2016

Upon looking more carefully to the problem, things look actually even worse:

By taking seriously the quark model, one cannot escape consequences of approximate chiral
symmetry of light quarks

Then simple guess on approximate symmetry of the initial state would lead to conclude the
neutral pion is stable! Another quark model puzzle..

Explanation of this paradox led to discovery of the first anomaly in QFT
(Adler, Bell & Jackiw) : Actually related to a wrong integral...

Advanced topic, quite relevant to the Standard Model:
Quantum field theories must be anomaly free in order to be renormalizable

Interesting conditions for SM to be anomaly free, including charge quantization
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7 Decay Rate - IV
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Direct method:

voriable SEWm”M] 7Y produced in a first thin foil, when not decayed do not

# d ’, contribute to e* yield from yconversion in a second thin foil
450 Gev/c 150 Gev/c et Y(d)=N{A+B[l—exp(—d/A)]}
Incident Protons HE beam line

A = Bvyct ~ ~vcr Energy dependent

/ Use known energy spectra for pions
i IOOOO: T

Oum Tungsten Foils
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7 Decay Rate -V

Fall 2016

Primakoff effect

Very simple idea:

Get a high energy photon beam + high Z target

Pick-up a virtual photon from the nuclear Coulomb field
2-photon coupling will (sometimes) create a 7t°

@TBA

. Strongly forward peaked
=1, 7 sin 9770 Quickly increasing with energy
Strongly Z dependent: Coherence

I'= 1/t extracted by measuring the differential cross-section
Nuclear form factor required
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7 Decay Rate - VI

Fall 2016

Recent experiment: PrimEx at Jefferson Lab (Virginia)

Tagging Technique

PrimEx Setup

Hall B TAC
e Y
HYCAL ° — =

V) veto Sc. E‘! E.-E,
- < 3 f E i -3
s <~ e L

pol pectr. = ta
N_trag = Ng™- €tag
Superharp, . R N}rag : Number of Tagged Photon e

F T

N,=5MHz ' NE9 - Number of Tagged Electron
0.85E,<E,<0.95E, €99+ Tagging Efficiency '::Irrr""J—NJ"_/

Photon
Tagger

radiator E
ors— -

I=0.07nA

— | 'Y 3
- [=100nA e—bhnqn-‘ T E—ml E : ; .
° T E.=5.75GeV e 0 I 4

] 0
‘Tagger T-counter Channe|

E=095E, ——————— 3 0 35E,

@TBA
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7 Lepton Decays

Fall 2016

7. Heavy brother of e and u
m.= 1776 MeV
Weak decays:

BR(e) ~18%

W- W-
™ Il @ BR(p)  ~17%
BR(qq) ~65%

Yr @TBA Yr

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

3r() ~ 60 % OK
3T(il)+2T(11)
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Color - 1

Fall 2016

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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Color - 11

Fall 2016

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

¢ - ¢color :(porbital ¢spin¢ ﬂavor) — ¢color: 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

o
£
o
|_
ho]
©
=
wn
P -
)
=
C
-]
1
=
()
<
O
C
(o)
=
Ll

—
(0))




Color - 111

Fall 2016

Observe:

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

We deal with quarks as with real, on-shell 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 - IV

Fall 2016

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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Color -V

Fall 2016

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
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Color - VI

Fall 2016

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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Colored Quarks

]3C:§, Yc_ﬁ

s 2 V3
Gy oF Koy RS
R +1/2 +1/3 R -12 -1/3
* ® G -12 +1/3 G +1/2 -1/3
% B 0 -2/3 B0 +2/3

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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Uncolored Hadrons

Fall 2016

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)
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Color Interaction: QCD

Fall 2016

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 freely used the interaction term j“A,, only based on the classical analogy:

But supposedly quantum mechanics is more general
than classical mechanics/electromagnetism..
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QED as a Gauge Theory - 1

Fall 2016

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

L, = &(x)(iv“aﬂ — m>¢<x) Free Dirac Lagrangian

Global gauge (=Phase) transformation:

G: w(x) — w'(x) = U(,w(x): e‘iq‘gw(x) g0 : 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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QED as a Gauge Theory - 11

Generalize to local phase transformation:
G, :zp(x) — zp'( ) ew( ) ~iaflx )w(x) Local gauge transformation

— L, not invariant wrt G, : Derivative term troublesome

= (x) (179, —m) i (x) = L, = it (x) e ™" y"D, (&7 (x))— mib (x) s ()
=i[v(x > 0,3 (x)—igd, [0(x)] (x)] - mib (x) ()

{ 70,3 (x +an 0()] 8 (x) —map (x) ) (x)}

=i (x) 70,1 (x) — mip (x) ) (x)|+ 0, [0 (x)| v (x) = L,

Local gauge invariance cannot hold in a world of free particles

lhohhh
|

Symmetry requires interaction

Fall 2016
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QED as a Gauge Theory - 111

Fall 2016

New transformation rule:

l¢(x> — ) '(x) = er(x) = e_iqe(x)w(x) As before
A, (x) — A, (x) +q 0,0 (x) New character in the comedy

Equivalent to re-define derivative for 1) :
d,—d,+igA, Vector field

Add a new term to Lagrangian:

L =— g (x)y"w (x)AM Interaction term

J

Same as classical electrodynamics

L, :ﬂ(x)(iw“au —m)¢(x)—> L,+L = @(x)(iv”@u —m)w(x)—qﬂ(x)y"w(x)Au

Sum is invariant
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QED as a Gauge Theory - 1V

Fall 2016

...And another one:

_i F"F , F" =9"A" —9"A" Field energy

pv?

Must be there because the field carries energy+momentum-+angular momentum

Reminder:

F"" is the EM field
0 -—E, —E, —E,
E 0 —B B

F,ul/ — X < y
E , B, 0 —B,
E. -B B, 0

Field must be massless to have L gauge invariant

| 1

2

—mzAfL —>§m2 (Aﬂ (x)—i—q 3ﬂ0(x>)2 i%mzAj if m=0
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QED as a Gauge Theory - V

Fall 2016

Consider all the phase transformations as defined before:
U (x) = v (x) = Uy (x) =i )

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

o 46(x) e—iq9z(x)¢< x) _ o e o U(l)

1 parameter:  6(x)

Abelian - e*i6191(x)e*i‘192(x>¢ ()C) — e*iqez(x)e*ilﬁ(x)w ()C)

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

Fall 2016

Extend gauge transformations to a 3-component wave function:
Vg
V=Y
Vp
Global gauge transformation: Phase change for individual components

— Phase change will mix color components

GGC:\u(x)—>\|l'(x):UG-\|l(x)=e

“M.y(x) U, unitary — M Hermitian

. 2
—igM __ . (_lgM) . .y .
e —l—ng—i—T—i—... M : 3x3 Hermitian matrix

M acting on the 3 color components of the quark state

Since the color symmetry group 1s SU(3) :
8

M=> A6 =2-0
i=1

4 : Vector of 8 3x3 Gell-Mann matrices; 0 : Vector of 8 parameters
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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
a 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 = %ZGZKQ =G, 4 8 fields required: Gluons

I
i=1

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

But: They are non Abelian

Fall 2016
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QCD as a Gauge Theory - 111

Fall 2016

Local gauge transformation for SU (3),. :

V\I’(x) —y'(x)=U,y(x)= e—"gﬁ(x)\l, (x) , Very important: New term, coming from SU(3)
) being non Abelian
GZ (x) — GZ '(x) — G;’ (x) +8H9“ +g f“chﬁ (x) 0° (x) a=1,...,8

b,c=1

Reminder:

[A_;’)\_Zﬂ = if )\_ZC £ SU(3) structure constants

—

v(x)|-G, Interaction term

8
_ % G, G" =— i Z G,,-G"" Field energy term
a=l1
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QCD as a Gauge Theory - IV

Fall 2016

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

pov?
R

3 gl(lons 4 gl{lons

When translated into Feynman rules/diagrams, these pieces of L correspond to 3 and 4 gluons
vertices

So:

The form of QCD Lagrangian leads to predict the existence of a new kind of gluon-gluon color
interaction

o
£
o
|_
ho]
©
=
wn
S
)
=
C
-]
1
=
()
<
O
C
(o)
=
L

w
N




QCD as a Gauge Theory - V

Fall 2016

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
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QCD as a Gauge Theory - VI

Fall 2016

QCD Vertexes

ig )\—2“7# Similar to QED:

x g (Lorentz structure not shown)

x g’ (Lorentz structure not shown)
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Colored Gluons - 1

Fall 2016

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),

1>:%(ﬂ;+b7),‘2>: $<rb br) ‘3> %(rr—blﬂ
4>:%(rg +g7).|5) = %(rg—gﬂ | >—%(bg+glg>
7>=—%(b§—g5)’\8> %(”’“’b 263
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Colored Gluons - 11

Fall 2016

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
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Colored Gluons - 111

Fall 2016

Non Abelian vertices: Gluon-Gluon scattering at tree level (no loops)

'abbb\ "ﬂ'ﬂ'ﬁ'ﬁé aooos
{éé@;_:m o 3{

0000 Q0Q.,

TOTO

@TBA

Vertexes:

3—gluons: Ax g

4— gluons: Aox g° \ Iﬁ‘f

Compare:
In QED, photon-photon scattering amplitude occurs at order o .

through the 1-loop diagram ,ﬂf; H\\

v
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Comparing QED and QCD -1

Fall 2016

Compare the different situations:

carica=0

m\ colore=gg,

flusso di carica flusso di colore

QED QCD
Photon is neutral Gluon is colored
Neither sourcing, Sourcing color,
nor sinking charge sinking anti-color
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Comparing QED and QCD - 11

Fall 2016

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?
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Comparing QED and QCD - 111

Fall 2016

QED: Gauge group is Abelian

Electric charge can be any number:
No reason for charge quantization — So electric charge quantization is a bit of a mistery

[ Tricky business: Sticking to perturbation theory, one must have the SM anomaly-free in
order to be renormalizable — This in turn requires charge quantization.

But: Is the SM just perturbation theory?

At a fundamental level, Grand Unified Theories explain charge quantization based on
larger symmetry groups like SU(S5).

But: They fail to explain proton stability]

Photon charge is strictly 0

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

Quarks: 3,3* — Q =4/3

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

Fall 2016

Consider the static interaction between 2 charges:
QED  For fixed |g

f :qqu:{ _|_]‘ qlq2>0
. |q|2 —1 4,9, <0

, the 'charge factor' can be defined as:

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
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Color Factors - 11

Fall 2016

99 — 99
33 =108 Observe:
1—-1 Similar to conservation of total I-spin

— 8

Total color conservation: {

TN 7 (3) ] & yan s A [ N S
e —lzﬁ;l[u (3>c3] —17>\ ¥ [u(l)cl] —1 7 [0(2)02] —17)\ y [0(4)04]
I color current ———— color current I

propagator
Sum is over all 8 color matrices
¢, are the color states of initial, final gg

T, - —q_if[m)w<1>H5(2)W(4>]§;[C;Aaq][cwc4]
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Color Factors - 111

Fall 2016

Octet
rb Just as an example: Result is the same for all octet states
1
¢, =c,=|0
1 3 0 1 8 1 0
. ,ﬁfzzzo 0 0)A*|0[(0 1 0)A*|1
o 0 0
c,=c,=|1
0
_1

| 1
— f= _Z)‘n)‘zz = ()‘131)‘232 +)‘181)‘§2) -
4 4 6
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Color Factors - IV

Fall 2016

Singlet

1 _
—|\rr +bb 4+ gg| Only this state in the singlet
a |

But: Any component can go into any other..

ff_Zf\/'ZZ[ cihe;|[eine ] i=1,2.3

j=1 a=l1

f= Zf_4\/—\/_zz ij jl:ii]‘r()\a)\a)

a=11i,j=1

Tr(A°A7)=26"" — ZTr()\O‘)\“) =16

4
— f=—
/ 3
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Color Factors - V

Fall 2016

qq9 — qq
33=3" 96

T,= _‘g;s [ﬁ(3)7“u(1)”5(4)%#(2)]%;[0;)\“01] CI/\acz]

color factor
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Color Factors - VI

Fall 2016

Color states: Triplet and sextet:

1 1 L

3+ \/_(rb br),—z(bg—gb),ﬁ(gr—rg)

Antisymmetric

6: rr,bb,gg,— L (rb—l—br),i(bg—I—gb>,i<g”‘|"’8)
J2 2 2

Symmetric
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Color Factors - VII

Fall 2016

Sextet
rr Just as an example: Result is the same for all sextet states
1
¢=c¢c,=c;=c,=|0
0
1 1
1 8 e} (6% 1 3 [0 o
F==>711 0 0)x]o[|l(t 0 0)A"|o]|==>"(A\))
4 a=1 0 0 4 a=1
1 1
- Z <)‘131)‘131 + )‘181>‘181) - 5
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Color Factors - VIII
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Triplet
%(rb —br) Just as an example as before
111
f4ﬁﬁ2
1 0 1] 0)|
(1 0 0)A"|0[]|(0 1 0)A*|1{|—[(0 1 0)A*|0[l[(L O 0)A*|1
0 0 0J|| 0] o
0 1 0)] 1 @
—|(1 0 0)A“[1][[(0 1 0)A“[0||—|(0 1 O)A*|L|||(L O 0)A*|0 ;
0 0 0) 0 §
1 s a\ «x Q Q Q Q Q Q 5
f:§Z{)‘11>‘22_>‘21)‘12_>‘12>m+>”22>‘11} =
a=l1 =
1 : oy o o\ o 1 3413 818 1 y1 242 2 %
— f= ZZ{)‘n)‘zz - >‘12)‘21} = Z{)‘n)‘zz T AiAn = Ay _)‘12%1} -5 é
a=l1
Ll

I
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Color Factors - IX
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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 o g
——3 octet 2
6 r 5
[ 2aq, , 2
—— triplet >
vV — 3r A : 2
g | ttractive 5
aS
— sextet
3r

E.Menichetti -

Expect maximal attraction in singlet

I
©




Color Factors - X

Fall 2016

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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Running Coupling: QED -1
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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..

ufk)

(@]

( )€ (P—q)y"u(P) :

B eu P—q)||leu(P—q)Yy u(P o V S

M oc[eu (k") 7" u( " (P—q)z—mz g;ll,zy [eu(p')’y ”(pﬂ %
()

=

Modified propagator: 5
g, & rdp® 2 1- 5
q_uz_> qu (1 1( )) 1<q2) 37T p afdxxl x)lnl xfnz x) %
=

i

()
—




Running Coupling: QED - 11

Fall 2016

Take the high ¢? approximation

—¢>>m>—h 1—@ ~In|—L
m m Provisional upper bound (cutoff) to make
. Provisional uppe
I(q2)~ 37T%de 2« fdxx 1 x)ln m2 integral converging
e e I o B o B e
M oxalr(k ) u(k)] 5|1 S Z] #(p)7"u(p)
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Running Coupling: QED - 111

Fall 2016

Extend to diagrams with 2,3,...,n,... loops: Add up all contributes

Sum of a ‘geometrical series’: Converging ??

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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Running Coupling: QED - 1V

Fall 2016

g/u/
q2

o)
1+a/37r1n(M2/—q2>

M o[ (k)7 u (k)] i2(p')y"u(p)|

What is «?

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(q2)= 1+ozo/37rln0(M2/—q2)

ais ¢, or distance, dependent!

o
£
o
|_
ho]
©
=
wn
S
)
=
C
-]
1
=
()
<
O
C
(o)
=
L

(@)
B




Running Coupling: QED -V

Fall 2016

Running ¢ s 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+(oz0/37r>ln(M2/,u2)

—afut)=

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

Quite natural in QED (but not compulsory)
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Running Coupling: QED - VI £
ln[M—z]—ln M—z’u—z =In —2 +1In ’u—z
QZ Qz Mz Mz Qz

B 1+ (e /37r)[ln(M20/M2)+1n<N2/Q2)}

— a(ozz) :1—|—(040/37T)1n(M2/,u2>
—>04(Q2)= = = a(u )

o )+ {0 30 (121Q7) 1[5 (@ )

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

Cutoff has disappeared.
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Running Coupling: QED - VII

Fall 2016

Deep physics involved:

A oo number of diagrams can be formally replaced by a single, 1-photon diagram

where the coupling 'constant' is running with ¢°

Result valid to the 'leading log' approximation

at vy at wt ot at at

B - + TR
| Val CI [ |
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Running Coupling: QED - VIII

Fall 2016

Virtual (loops) e*e” pairs Effective shielding
. - Oy
=] I a =
’/e N ) //,:i_ + _|‘_\\\_
_ | A + 1

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

Bare charge is shielded at large distance by the virtual pairs coming from loops.

The standard e charge is smaller than the bare charge

o
£
o
|_
o
©
=
n
S
[0)
=
C
-]
1
=
1)
e
O
C
()
=
L

By probing the electron at smaller and smaller distance, observe an increasing effective charg
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Running o at LEP -1
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Experimental method: Bhabha scattering do  do” ( alt) )" (146)(146.) 46
dt — dt \ag /) ¥

6,,6, s-channel contributions (small)

€ radiative corrections (known)

Use accurate, differential cross-section measurement to unfold « (t)

[Total cross-section measurement would require a luminosity]

e S T | TOPAZ wyeepn and qq average:a |

L ee—2@ - t LU and qq average: §
LE P _"5 150 - Fiswo leplonic dala from: i 8
tie=constant=137.04 b wDORIS, CPEP, TDPETRA, ATRISTAN =
" (@)
135 |, =
T ©
}ﬂ\ :cg
- [ o
=130 | £
[ -]
* 181GV’ < -Q° <6.07GeV’ OPAD- N i =
I ® 210GeV < -Q' <625GeV’ L3 115 : 1 [}
125 O W 122568V < -Q° < 3434GaV° L3 110 - OPAL 2-fermion fits: o ’ ] -(C)
[ [0 1800GeV’ < -Q° < 21600GeV’ L3 g average: ¢ ] c
—_— QED ]05‘....|...||.|..|..||....|...||...|..|||' )
e . S— 3' o 0 25 S50 75 100 125 150 175 200 =
/ GeV LLI

1 10 10° 10" 10 Q

-Q% (GeV?)
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Running a¢at LEP - 11

Fall 2016

Just as an example, take L3 at LEP: 16ra’ 1 1
Relying on Bhabha scattering at small angle A ( FENE )

Calorimeter (Energy) + Silicon Tracker (Angle + Acceptance)

® Data

|
:
Hadron Calorimeter Barrel !
[
| — MC BHLUMI

Hadron Calorimeter
Endcaps HC1

(7]
=
c
=
Ji

Number of Events

(@]

=

o

|_

©

©

=

0

S

[] Hcs3 HC2 o

ml= z

VVVVV e Eﬁ -

/ =

[ @

== A c

Luminosity . o

BGO At qC,

L L >

+z Active lead rings e 1 N 0.40 0.60 0.80 1.00 L
E Ebeam
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Running Coupling: QCD -1

Fall 2016

Repeat all the steps: Loops etc

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

Fall 2016

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

o

a ()
1+ (o, (1?) 127) (33— 21, )In ||/ 12*)

2
7|)=
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
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Running Coupling: QCD - 111

Fall 2016

Rather than making reference to a specific value of o,
" (')
o) = 1+(a, (7)127) (33— 20, )In(|g*] /1)

define a new constant

127
(3320 1)

127
332 ) ()

2\ 127 _ 127 5 )
SRR ey T s M

A = Renormalization scale — Fixes «, atall ¢°
A =200 MeV yields the correct , at p* =M ;0

Funny behavior, known as 'Dimensional Transmutation':

InA>=Inp* — — A=l
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Running Coupling: QCD - IV
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Coupling constant,og (E)

0,4
0.3 b Sources:
| @TBA
Jets
0,2
i DIS o
E
j Quarkonium =
0,1— ©
- @
2
C
] S
0,0 -
I T 1 I LI II | 1 I | LI L I 40_5
1 2 5 10 20 50 100 200 S
llustration: Typafarmn Energy, GeV %
i
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Annihilation: Muons vs Quarks

Fall 2016

Electron-Positron annihilation:

Electroweak process

Low energy (E,, <M ,,): Mostly electromagnetic
High energy (E.,, ~ M ,): Mostly neutral current

Final state: Fermion/ Antifermion pair

Muon vs quark pairs

Best observed at e"e” colliders
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Annihilation Cross-Section - |

Fall 2016

Apply crossing symmetry to electron-muon scattering, take pure e.m. amplitude at tree level

e +U —e +u A: Scattering

e + [e‘] — [,u_ }+ U =e +e" -y +u  B:Annihilation
crossed crossed

Amplitude for scattering:

S _ —ig,, o
Tﬁ<s’s’r’r):<_€)“(u)<l’2’S)V’M(H)(Pz’s) qz} (‘e)“(e)(l’l”’h “(e)<p1’r)

g=p—p—a=(p—p) =P +p"~2pp
q2 :zmez_z(ElEl '_pl'pl ') = _2<E1E1 '_pl'pl ')<0

E>m

q=4—m0mentum transfer

Amplitude for annihilation:
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' ' — [ ' ' _lg v e v
Tﬁ.(s,s JELT ):(—e)u(u) (p,"s )v“v(ﬂ) (pl,r ) qz“ (—e)v(e)(pl,s)v ) (p,.r)
q=p+p,—q =(p+p )2 =Pt 200 ps g=total 4-momentum e e
q2:2m§—|—2(E1E2—p1-p2)E§m (EE,—p,-p,)>0 /'/\\
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Annihilation Cross-Section - 11

Fall 2016

=—510(ps)7"u(pas )i (p2"5)7" 0 (P )| [T (P )2, (2o it (2 ) 1,0 (o)
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Annihilation Cross-Section - 111
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T, =520 (P )7 u(pss)i (p,,5)7 0 P18 )|[B (o), PV (227 7,0(1o7)
q
()= = Il =t () e ), ()
Tr[(lf’l—m) (1b2+m) ]—4pprpfpf—g“”(pz-pﬁmz)]
Tr[(l’z +M )y, (p '—M)%}=4 PP+ o Py =g (py '+M2)]
‘ g
- ‘Tﬁ‘z :8%[(191'191'>(p2'p2')+(p1'p2'>(p2'p1')"‘MZ(pl'pz)] m~0 k=
q —
©
C|p(EOOE)p2(Eoo—E) o
M : )
pl=[p, |=[p,|=VE* ~M E
' (E ‘p‘sm@ 0 ‘p‘cos@) D, = (E —‘p"sin@ 0 —‘p"cos@) %
—><‘Tﬁ‘2> 1+M—2+[1—M—2]cos 0 é
E*? E? L
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Annihilation Cross-Section - IV
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220 =2 - 14+ —+|1——|cos’ 0 1
dQcy  4s E? E* 2] ’ M
2 e+ e-
4o za—(l—kcoszﬁ), E>M 0
dQdcy 5 P1 P2
2 2 2
o= 49 gq2m" j M fy 1 M- L
Qd0 3 E 2 FE L
- 1 P2
L7 :
S
2 2 2 2 2 Y o
_)G:4m o 21 1+227 dra 3 12 1_4704 3 3-0 e
35 \ 42 | 2y 3s |2y 3s 2 |5
. 2
i -
o Ama? 872nb E>M =
35 s[Gev?] 5
S
g
L
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Annihilation Cross-Section - V

Fall 2016

ALY PR L N
-] p
——=J=3/2 o
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0.20 g ~
-/.
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O e L HL A /

Charm J
0.15 -  Threshold / ,F
s s
| /- -
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J

(all) -~

2p
Rex

0.05

Eem  (Gev) ot

Flgure 12b) ‘ 3.6 3.8 4,0 4.2 4.4
- Ec.m_ (GGV)

7 lepton discovery, mass & spin determination:
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Annihilation Cross-Section - VI

Fall 2016

L L+

= Il

Ut 1 event: L3 detector at LEP
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Annihilation Cross-Section - VII

Fall 2016

Total cross-section vs s:
Low energy

o (nb)

|
1 2 3 4 5 6 7 8 9
s (GeV)

Fig. 3

ADONE (“70s)
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Total cross-section vs s:

Higher energy

Annihilation Cross-Section - VIII

W

0 w0 80 100 800 200 260
s | Gev?)
'll T T |' T T [ | T
T3¢ Ipb) |I
wool-\ L o o JADE _
E\I 1
5001 i
}
00—
g v o 3
so L
X . L L A AT B R .
) 00 800 1200 1600 2000 200
uc-ev‘ﬁ
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Annihilation Cross-Section - IX
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Angular distribution: Low energy
I-photon, forward/backward symmetric

-

L]
3 40 = -
4! ﬁ
° 1 1 ) '%
-1.0 -03 0 0.5 1.0 E
Fig. u,l MAZK I e*e” +» uty™ at E
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Annihilation Cross-Section - X
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Angular distribution: Higher energy:

Some contribution from Z° , forward/backward asymmetric

e*e—— M 3 GeV

T I‘!r[""]'T rr"r"l'T"'
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Annihilation Cross-Section - XI

Fall 2016

Forward/Backward asymmetry: Important subject
Effective tool for precision tests of SM

May probe physics BSM

Interesting point: >;:<
Some tiny asymmetry expected from pure QED > Q C <
Coming from diagrams with >1 photon

(b) (c)

Dominated by interference terms > ) < : i, <
(d) e

between amplitudes (a) and (b)-(g):

Opposite charge parity — " N
() (9

Recent surge of interest from large asymmetry
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found at Tevatron in ¢t ¢ production by 1 and 2 gluons:

Similar physics, not fully understood
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PQCD: Jets 1n ete™ Collisions - 1

Fall 2016

e e annihilation into hadrons:

At the parton level = Crossed Deep Inelastic Scattering

e \

\ ol

/ =

Understood as annihilation into a gg pair, .

followed by quark fragmentation into hadrons
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PQCD: Jets 1n e*e Collisions - 11

Fall 2016

Picture of quark fragmentation
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PQCD: Jets 1n e*e™ Collisions - 111

Fall 2016

By ignoring quark fragmentation details

e +e — g-+q — hadrons

do_307 Lo ose
0 45 (1+cos 9)%;reﬂmr

4 2
=0 (5) =" 3 G
s flavor

Due to color confinement, quark/antiquark unobservable as free particles
Expect hadron debris from quark fragmentation

— Jets
Hadrons: Trend towards grouping into narrow pencils of particles

Naive prediction: 2 jets
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At high energy, expect hadronic annihilation events to be non-spherical
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PQCD: Jets 1n e*e- Collisions - IV

Fall 2016

e [Dota
--- Monte Carlo, Phase Space
— Monte Corl, Limited
Transverse Momentum
SO . i OO
70 F -

60
50

40 .
30 - A ’ « Define sphericity of events:

2
3 204 g 2-jets
S=min - — .
2 Z D; 1  spherical

min: Choose axes which minimize S (<— Iterative)

EVENTS/0.02 (sphericity)
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PQCD: Jets 1in e*e” Collisions - V

Fall 2016

Interesting observable: Thrust

1
T=_—maxz ) |ii-pi
Q Z \
i T=1-1 ¥
T=3

By %% =

M¢ + M3§
=1———042 =
T ‘/§ T =0.48 T = Q2
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PQCD: Jets 1n e*e” Collisions - VI
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L 0=91.2GeV

1* order

15—[

4™ order

PYTHIA partons A

PYTHIA hadrons |

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.05 0.10 0.15 020
1-T
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PQCD: Jets 1n e™ e Collisions - VII
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30 T I T I | I 1 | /
[ Thrust distribution at LEP .! i
10 = -—-—— Vector gluon ‘ =
~ ---——— Scalar - .
- ] ]
E 3 L _
b . o i
g~ ",
b A 2
= 1F A E 2
— P ] S
— . - =
= // — c
; -
1 | | L \ | | | | =
5 6 K, o 9 1 g
T c
()
=
LL

DELPHI

83




PQCD: Jets 1n e* e Collisions - VIII
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LL

For 2 jets events

d . ‘
d_g o 1+cos* @ quark spin = 1/2
y = 14+ acos’d
29 x1—cos20 quark spin = 0
'A T [ R S ]
12 - é::: : :l(-:Ed::ctorlml E
p| S 5
0.8 - :5
@TBA 0.6 - 2
0.4 . E)
R SO P 5
o ] a 01 02 D3 0.4 D5 0.6 0.7 0.8 D8 1 L
o Q2 .C:;wgl:ﬁn Q.8 O8O E
©
Mark I (SPEAR) ALEPH (LEP) é
E = few GeV E =90 GeV i
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PQCD: Jets 1n e*e- Collisions - IX
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PQCD: Jets 1n e*e Collisions - X
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“Z| DBLPHI
Ul
! "'-i\)\-’\

Bean: 45.6 GeV

7~ VProc: 30-Sep-1881

Interactive Analysis
o Run: 26154 TRS : 35-Aug-23s
Evt: 567

Act

Scan: 1 Deact

_—

™ ™ ST
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PQCD: Jets 1n e e Collisions - XI
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Total hadronic cross section < R Ratio
Reminder:

Time scale of hard interaction

1 1 1
T ~ — = ~
QO s ManyGeV

Time scale of soft hadronization
1 1

N — Y

A 1GeV
— Perturbative cross section OK

— Very small

— Large

Expect at 30-40 GeV:

g _

R=—2=3 ) Q'= LLY 3.67(—|— 0.05 coming from ZO)
O-,LL/L i=u,d,s,c,b 3

Measure :

R~3.9
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PQCD: Jets 1n e e- Collisions - XII
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QCD corrections Next to Leading Order (NLO):

>~< + >~w<§ + M + M Virtual gluons
a)
- P1
v kK +
>V<L >M<4. Real gluons
Pe
b)

Real gluons: 3 particles in the final state

Some kinematics:
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PQCD: Jets 1n e* e- Collisions - X111
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Observe:
Plane (2D) event
Within the event plane: 2 degrees of freedom

Differential cross section:

1 d°c 20, x+xi

odxdxy, 37 (1-x)(1—x,)

Basic remark:
x,x,—1 — o0c—00
Also true to higher perturbative orders

— 2 jets dominant over everything else
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PQCD: Jets 1n e e Collisions - XI
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Total hadronic cross section:

2_|_ 2
qqg—o'o?)ZQ f dxdx2—003ZQ f T 1)(1)62 xz)dxldxz

In order to regularlze dlverglng 1ntegrals. Funny and smart idea
Shift to 4-2& space-time dimensions, make them nicely converging..

Diagrams with real gluons:

(2 3 19
o' =0,3 e)l=—=+—+0(e
0 ZQ _82 c 2 ( )
Diagrams Wlth virtual gluons:
' 3
qqg:ao3ZQ —3+——8+0(a)
e’ €

Adding everythmg up, and reverting to 4D:

11(, 0.14
R:O3ZQ {1+ 4+ 0(a )} 33[”3?] 3.83
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PQCD: Jets 1n e e- Collisions - XV
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Absolute number of jets ill defined, both in theory and experiment
Can define number of jets as a function of some resolution parameter, according

to a clustering algorithm

Example: Durham algorithm
Take ggg final state

By fixing a y parameter as

2 _
mlhresh - y S

. . 2 . 2
compare the (1nvar1ant mass) of each parton pair to m,,

(P,— + Pj>2 >ys i,j=¢q,q,g 3 comb/event
Then:

N,, =N,
Ry =Ry ()
Ry =Ry (¥)

Extend to n partons — QCD predicts R,_,, (y)!

Of course,
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PQCD: Jets 1n e™ e Collisions - XVI
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Jet algorithm for data: (modified) Durham
Define y,,,
Loop over all particle pairs

. 2EE (1—cosé, 2

Compute y; Vij y, =— ’( ”) ~

v s s

]
min Yi = Yu .
P, = (Ei p,-)

pP;= (Ej7 13]) 2
Yes No g
. o
combine EXIT o
- Pw {p;} I=1,n =
and remove k,| _é‘
©
c
.
e
(0]
=
L

Exit with 4-momenta of n jets

©
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PQCD: Jets in e e Collisions - XVII

Jet Fraction

=
b

04

OPAL (91 GeV)
Durham

«  2-jet
* 3jet
i d-jet
v Ejet

PYTHIA
HERWIG

Fall 2016
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PQCD: Jets in e* e* Collisions - XVI1II
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Exceptional 3-jet event from OPAL
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PQCD: Jets 1n e*e Collisions - XIX
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Get a measurement of a :
o (35GeV ) =0.146 +0.03

ag (M, ) =0.124£0.0043

O3_;
RS =« O[s(Ecm) o

otot lll E’CHI
R}l(}?cul = “'08) [%]
30 jrrmrpppp—p———p————e————p—————————y———

[ e PETRA ] N T
zq: © PEP { : I B JADE x AMY A ALEPH
°f 7] I + TASSO = VENUS O DELPHI ]

- A TRISTAN o2 4 o Mk-II ® I3 1

- P / : B ' {‘) J .
20f © LEI AI‘E ] 250 ;; | ] a OPAL )

[ I ;‘__,Abehan Olaz)

55;

R; [%]
Y
1
rd
Ve
Ta
\'\.
=]
VII
5]
2

lOE .",.-"JV\Asympmtic ] 20+ {E +}{ ] - .
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. . ];reedom (O(01y)) § 7/ I]j?
s 2S¢ : - ’ / god
! ol _ QCD Agg = 251 Me'
L i @TBA
0- 1 *11 *I 1 1 i 15 * * * * I * * ' * I ' * ' * I * * * '
0.05 0.10 0.15 020 025 030 0.35 20 40 60 80 100
1/1In(E,, [GeV]) E em [GeV]
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PQCD: Jets 1n e*e” Collisions- XX
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Is QCD really SU(3) ?
Test for non-Abelian couplings at LEP: 4 jets events

Special angular c
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PQCD: Jets 1n e* e- Collisions - XXI
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Look at distribution of a special angle, sensitive to non-Abelian
couplings:

4(’ T T T 1 L] T T T [ T T l T T L 'I T T
Bengtson-Zerwas angle between L3 (1990)

energy-ordered jet axes

(E]. 2E2 2E32E4)

i QCD -

30 1

® DATA

Abelian

Event Fraction (%)
=2

10

L

@TBA L I T TN A T T O O T T A
0’ 20 40" 60" 80°
Loz
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Quark Parton Model - 1
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Write down F, in terms of PDFs

p = uud = ddu
Fy (x) = [%] (x)+[—%]d() F (x)= [—%] n(x>+[§] ()‘
gE 1 From isosp syrzlmetry: |
F (0) =G50, (9)+ 54, (¥ N TR NE e
L F (%) xéup(x)—kgd (x)




Quark Parton Model - 11

Fall 2016

Consider the deuteron structure function:
1 . 5
Ff (x)= §<sz +F)= gg[up (x)+d, (x)]
— F(x)=F'(x)= F(x)
5 1
=3ty (), (3], ()4, ()]

=2 xlu, (x)~d, (x)

Finally extract PDFs from measured F,

, (x) =xd, (x) =37 (x) - LB ()

s, ()=, (x) =32 (x)+ 2 F ()

p
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Quark Parton Model - 111

Take a Hydrogen atom:

Fall 2016

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)g.,

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,ec. + (Quarks/Antiquarks+Gluons)g,,

Since a,>>a, sea effects are much larger in QCD
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Quark Parton Model - IV
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quarks: xq(x)

1 T T T T 10 1 T T T T
T 3 8FS —xu G A== e
.:"-.._3F2P +2F¢ —"xd(x)" —— § F;-d‘;.fx —"d(x)" r—— a=l Q=10 GeV
08 F E 8t 1 1 - | CTEQGD fit
| |
T g 04 | -
06} [_ Q?=27Gev? - 6 i: Q%= 27 GeV? 1 \
> \ £%5 \ |
3 : E\\; NMC data = ' NMC data 03\ _dy Uy _
04 } : \_ CTEQSD fi : s ’ CTEQS6D fit 1 4
h 7 b “‘.
" : \ em \\ et ot ds .
0 1 1 ' 1 \-7"1"4_ 0 1 ) 1 \t_-”"‘rA-‘L L CSSS iy 0 US
O 1 e | - e
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
X X
X

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

f:up (x)—ﬁp (x)}dx =2
f:dp (x)—c?p (x)]dle
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PQCD: DIS Scaling Violations - I
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Our picture of structure functions

Single Dirac Three static Three interacting +higher orders
proton quarks quarks
—_— @TBA
g°(x) 4°(x)
1 X ’ 1 1 X
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PQCD: DIS Scaling Violations - 11
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QCD on F, (x,QZ) :
x —dependence — Non perturbative — Not predicted

Q® —dependence — Perturbative — Predicted !

= owm K

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) Equations:

Successful prediction of Q? evolution of structure functions
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PQCD: DIS Scaling Violations - III
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First order (NLO) QCD corrections to naive Quark Parton Model:

k /%; quark
quark nucleon’/‘& gluon
/\> —
nucleon xP

zyP=xP
gluon "
nucleon \N) P\ auar
QPM — (x-y)P
\

QCD
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PQCD: DIS Scaling Violations - IV
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LL

The bottom line:

Measured structure functions at any given Bjorken x depend on quark & gluon densities
taken at higher fractional momentum y>x

This originates a slow Q° dependence

Core physics: Probabilities of QCD radiative/scattering processes P (x/y) , P, (x/y)
Usually called splitting functions

F,(x)

== OF (x)zzeiz%(x) Quark-Parton Model
F X Cé
( ) Ze fql(y)5(x y)dy Reminder: '%
1 o
O(—x)=06(x), Ola(l—x)|=—06(1—x 2
_ F,(x) :Zeizfqi(y)6[1_ﬁ]ﬂ ( ) ( ) [ ( )] a ( ) I3
X i 0 Y)Y X | X =
—6(x—y)=6 y[l—] ——6[1—] =
. y) oy y T
y 5
=
L

— QCD corrections
y

-2 =3¢ fq(y)

[1——]+0 (Z)




PQCD: DIS Scaling Violations - V

Just as an example: Gluon radiation splitting function at leading order (LO)
Almost carbon-copy of Compton effect

Fall 2016

quar]muark ko g

P p k> p’
u=(k-p’ ) t=(q-p’)?
Yi(k) q(p) = y<(k’) q(p’) Y“(q) q(p) = q(p’)g(k)

[da] _ozzej —u s 2uq° (d_O'j :Cpaaseqz [—t_£_2uq2]
)., .., 2s|s u su aQ ), .., 2s s t st
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PQCD: DIS Scaling Violations - VI

©
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9\

@©
L

gluon
) 499 quark p
quar.

dp; =d(p°sin®0) =2p*>sinfcosf df = 2 p>d(cos )

~1

(@)

_)dpizid@OSH):ﬁdQ_)dJ:sdaz_)d02:87rd0 E
2 247 dQ) 8mdp, dp; s dQ) =

2 L

Reminder (Bjorken) : x =— 9 5
2P-q =

)

2 2 .

Define: 7 = — 9 _ __4 > =
2p-q s—q G

do Craaze, 1+7 é‘:’

Y4—84




PQCD: DIS Scaling Violations - VII

Integrate 'Compton-like' differential cross-section between:

Fall 2016

A

A lower cutoff ( < no divergences), % upper cutoff ( «— kinematical), § partonic CM energy squared

§
PT max

Y do CFozozS.e2 q’
ou@= [ < dpi === P ()|~

5 Pr
- :oze;CF 1+ 272 F(x) NG Q" ||dy
Redefine : P (z) = s 12 Ze fq(y) 6(1 )+ P (Z)ln[ )\J ;
F,(x) S Q 2
[N 1 -
. Z ql(x)—|-fq,()’) n i\ qq[y] y
q(xQ)
) 1 o, |0 x| dy
q,(x,0%) q,(x)Jerfq,(y)27T n[ \ qq[y] y

Aqi(;’Qz)

— A, (x,0°)=q,(x.0") - q(x)—fq(y) an —In A) [y]ﬂ

y
Al Q fq,(y) [ ]

Aan
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PQCD: DIS Scaling Violations -VIII

Evolution equation for each quark flavor:

dg.(x,0%) | ) d
szq,-(y,Q );_WPW [g]—y

Fall 2016

d In(Q?) y

Observe: Since g, (x) — q,(x,0?%), the evolution equation
should involve g,(x,Q?), rather than g, (x), under the integral symbol

This is actually incomplete:

We forgot to add the contribution from the 2nd diagram..
_ dq(x0%) _ (@) |
dIn(Q?) 2T

And there is another equation for the evolution of the gluon density:

dg(x,0%)  ay(Q%) | b (X 2o (x| dy
= (3,0)P, | =|+8(y,0)P, | =|—
() - Eijq,<yQ>qg[y] g(yQ>gg[y] »

4(y.0")P, [f] +g(y.0)P, [f] dy
Yy Y)Yy

X

X

Altarelli - Parisi, or DGLAP, equations for the parton densities:
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Integro-Differential equations for the Q® evolution of the parton densities



PQCD: DIS Scaling Violations -1X

F,(x,Q%)+offset

-

(W]

x=0.000161

x=0.000253
x=0.0008

ZEUS data
low x values

+x=0‘0013

x=0.0021

510 50 100
Q? [GeV?|

500 1000

F, (x,Q%)+offset

1.75

1.5

0.75

0.5

ZEUS data
x=0.013

- ‘FHT# x=0.021

‘ o,
.//f;:: ,f..t-;- L_+‘+—+x=0.032

.,/':“

’-h-;’**—i+—*: ¥ + + x=0.05

eyttt +‘*i+—*_+ x=0.08

high x values

- _ x=013
?jT ‘L
x=0.18
.+_

ey - +— _+‘ x=0.25

2 x=0.65

=04

1000 10000

Q* [GeV?]

10 100
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PQCD: DIS Scaling Violations -X
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PDF Evolution with Q2

ZEUS
- : !
5 F1) Q@°=0.3 GeV? \ 0.4 Gev® - 0.5 GeV*
1.5
1
0. 2R, I
ot *‘*;--: |
0 P | ! B Ha §) I 1
2 | 0.585 GeV?® 0.65 GeV? | 0.8 GeV?
1.5
1
2
= 0.5 -=
U e | O
[ 0 =
2 | °
1.5 S
(7]
1 )
>
0.5 =
-
0 ‘; : 5 : 1
: - = o 2
2 4.5 GeV 10 10 10 1 E
| — ZEUS NLO QCD fit ()
1.5 | . | tot. error =
| ol Q
1l * ZEUS 96/97 c
= ZEUS BPT 97 (O]
0.5 ‘ II:;J_‘-. SVX 95 >
—H65 f
0 * NMC L




Hadron Collisions - I
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Historically best observed and studied at hadron colliders
ISR = Intersecting Storage Ring (CERN '70s)
pp 31GeV /beam

SppS = Super pp Synchrotron (CERN '80s)
pp 270-310 Gev/beam

Tevatron (Fermilab early '90s - 2011)
pp 1TeV/beam

RHIC = Relativistic Heavy Ion Collider (BNL 3™ Millennium)

ions 200 GeV / nucleon *beam

LHC = Large Hadron Collider (CERN 3rd Millennium)
pp 7 TeV/beam (presently 4 TeV)

ions 2.7 TeV /nucleon * beam
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Hadron Collisions - 11
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CM frame: usually identical to LAB

Important exception: ISR (collision angle 75%)
Not relevant for LHC (collision angle 0.01°)

But: Partonic collision CM # Event CM
— E _, p of parton collision unknown

tor
—Initial state only partially known

— Separate collision kinematics into:

Transverse
Longitudinal

Introduce useful kinematical variables: Rapidity, Transverse momentum
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Hadron Collisions - 111
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Lorentz transformation S — S'(3):

1 B
(v —B)fz)_| NI 1-5* |(z
t) =8 oy ) |8 1|l
J1I-8" 1=’
Compare:
v =B = L& =1 cosh’ y—sinh® y =1
-5 1-3
v =coshy o
— _ — B =tanhy, Yy rapidity
By =sinhy

z' coshy —sinhy|(z
— =
t' —sinhy coshy ||t

— Another way of writing a Lorentz transformation: y instead of 3,y
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Hadron Collisions - IV

Fall 2016

Split off longitudinal/transverse momentum components:

E2:7712—|—|p|2
2
= pi+pl
— E'=m’ +pH2 +pl =m] +pH2, m. =m’+ p] transverse mass
2 2
m, m,
. E=m coshy
py =m sinhy

— p, = Etanhy

P
E'

P
E

—

[ coshy —sinhy
B —sinhy coshy
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Hadron Collisions - V

Most important properties:
Rapidity is additive under Lorentz boosts

Transverse momentum is invariant under Lorentz boosts

E:mLCOShy p” ey—e_y €2y—1
_ — —=tanh y = — ==
py=m sinhy E e’ +e’ e 41
P
14—
—»BL@”%J):eb—ere” Bl—lzz—]#—m —e? = E
E E p
1— 2
E
1. E+p
— y=—In—"
2 E—p

Boost along z by 3,y

1 v(E+8p)+7(p+BE)
—In

2 y(E+Bp)—(p +BE)

—yV =

Fall 2016
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Hadron Collisions - VI
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Indeed:

y—>y‘:y+yb()ost
—dy'=dy, Ay'=Ay

Consistency check:
For momentum along z
1. E+p —lln ym+ Bym :ll 1+

y=—In—">"—= n
2 E-p 2 Aym—pym 2 1-p0

H%:e” —>1+6:(1—6)62y —>6<1+ezy>:ezy —1

— 3=
— v =cosh y — OK

2y
1:tanhy

e
2
e
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Hadron Collisions - VII
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Pseudo - rapidity 7 :

1, E+p, 1, 1+cosh 1, 1—cosf 1, sin®6/2
—In ~—In =——In =-—ZIn—7
2 E-p 2 l-—cosd 2 1+cosb 2 cos /2

y

ya —%ln<tan2 9/2) = —ln(tan 9/2) =7

1 —to —1 correspondance to polar angle
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Hadron Collisions - VIII

Interesting processes: Inclusive

O
h
o
Al

@
LL

Ex: Inclusive productionof ¢ a+b—c+ X

— Inclusive, invariant cross-sections
3

Reminder: Lorentz invariant quantity

Elementary volume (impulse space):

Same as cylindrical coordinate space

'’p P.dP.dPd
&t = rdrdzdyp — d°P = P.dP.dPdp — Lr — ey
E

. e

df,  d’P £
dy=————=dyRdhdy %
— Azimuthal integral: ?)
p=2m .3 =27 E
f = f (dyP,dF, )dp = 2mdyP,dP, = 27rdyld<}?f> = ndyd (P} =
=0 =0 2 E
g

— Inclusive, invariant differential cross-section: ——=FE df _1_do _ 1 do c
d’P &P wdyd(P}) 2nP, dydP, >

E




Hadron Collisions - IX

Introducing pseudorapidity, transverse energy components of 4-momentum:

Fall 2016

E=FE_coshy E E

E.=m, — y=1n=-In(tan§/2)

. — Ly = )
p,=E;sinhy cosh y

sinhy _ tanh y = Jcosh® y—1

cosh y cosh y

—tanh® y=1- ! — ! =,/l-tanh’ y — E, = E\/l-tanh® y

cosh’y  coshy
cosf/2 sinf)2

_ T |, sin€/2 cos@2 | _ . r (. o4 o v
— E, = E\/l-tanh"n = E| 1 cos@/2+sinl9/2 —E[l (cos 6/2—sin 49/2)} = Esiné

sin@/2  cos6/2

12

p=|E P,P , P,
—_— —~
p=p2+p? H=F

E=~PE, =P
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— p=| E,coshn,E.sing,E. cos@,E, sinh7 Useful in clustering algorithms
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Parton Kinematics - 1

Fall 2016

Partonic kinematics: Relevant for 'hard' collisions

Event CM frame:
P, =(E,,0,0,p,)

) 4-momenta incident particles
~PB = (EA,O,O,—pA>

;pl =5h 4-momenta incident partons

[P, =%, B

Bey = ﬁ Parton CM speed as seen by event CM (= LAB for most colliders)
Xp =X, — X, Parton Feynman x

y= lln 14 ey = lln Y Parton CM rapidity as seen by event CM

2 1-84 2 «x
X,, X, varying on event-by-event basis

— By » X7, ¥ not fixed, rather statistically distributed
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Distribution depending on event type




Parton Kinematics - 11

Fall 2016

Hadronic, inclusive cross sections for hard processes
A+B—c+ X

result from a convolution of partonic, exclusive cross sections
a+b—c+X

at any given partonic CM energy §
OprBofix — Z Cabf Oapct x [fa/A (’xa ) Jop ('xb ) + (A N B);,ia ] dx,dx,
a,b

with PDF over full range of (x;,x, )

total/differential in the final state ¢
Oab—m—i—X

summed over initial, final colors

C, color-averaging factor, different for qq, qq, qg, g8
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Parton Kinematics - 111

Fall 2016

Partonic CM energy :

J§ = \[SX, X,

Introduce T

T=X,X,

Switching to x,, 7 independent variables:
T dr

X, =— —dx, =—
X X

a a

— Hadronic cross-section in terms of partonic subprocess contributions:

1

1
onsox =S Cu [ [ G frl8) a5 (2 8), |
a,b 0

T a

dx,
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Parton Kinematics - IV

Fall 2016

— Re-write cross-section as differential in :

do, . ~ dL
A+dBT f+X :az’bo_ab_)ﬁ_x <S> d;l_b

Introducing differential luminosity for parton collisions occurring within <7’,T + dT) :

sl a5 (),

e a

dL ,
dr

Parton Luminosity
Set 1 - Rev.Mod.Phys. 56 279

T dL, 1 dL, dL,
s dr s dT ds

Parton luminosities quite relevant o

to assess production rates:
Ex. Higgs at LHC o

linee continue: LHC a 14 TeV
linee tratteggiate: Tevatron 2 TeV | %
w0
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[ ] [ ] ©
Parton Kinematics - V :
g
7 alone does not fix kinematics of the initial state: Use y Rapidity
T =X,X, _ ;
1, x — %, =re —J§ =rs, dxdx, =drdy
y=—In—* X, = Jre™?
2 x,
1

For any given 7: ‘y‘ < —Eln T

Re-write hadronic cross-section as doubly differential in both y, T

do, s .. do
;.);Iiixb+x ; abHchX [ a/A( a)fb/B (xb)+(A — B)b¢a] - dey

Ex. : Central production:

fa/A (\/_) fb/B (\/_) (A — B) }

do
=0—x,=x, :\/; — drdy :anbo-ab—w—}—X

a,b
Ex. : Threshold production

mC

s
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Parton Kinematics - VI

Fall 2016

Examples of rapidity distribution: Threshold ¢7, bb production at Tevatron, LHC

Produzione di top al Tevatron Produzione di b a LHC
qq — it qq.g¢ — bb
=Am? /s 2 T=4m’ /s =(T7x107)’
T=4m; /s =0.2 L8 = (7x

E 2201

I 200

o 180~

L 160
6 1401 2
I 1200 =
- 1000 ©
4 - S
I 8o B
I 60F 2
| - c
2_ 40 -
i - =
52 e 2 111l I 1 111 | 111 | 111l | 111 | 111 L1l °:| | | 1 | L1 1 | | e | | L1 | 1 1 | L 11 | I 11 | l 1 | | (c-)
15 -1 -05 0. 1 15 8 6 4 2\0 2 4 6 8 c
[}
=
distribuzione ! Wi

interazione piu probabile:
come (1-x)k :
un quark di valenza con uno del mare.




PQCD: Drell-Yan - 1
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i ) Angular distribution in the pair rest frame
q  p=ep

Expect o< 1+cos® 6 as usual for Fermion-Antifermion

Fif| [resssmnas— e

dU(qq — l+l_> B 47(-@2 26 ) < 1.6 8
dq’ o 3q° € (q N Sqq) 5|8 S

1.4 =

x,,x, Bjorken x for q,q =
1.2 =

2 2 &a

Sqg = (pq + pt?) = (0P +1,p,) = X%, 1.0 B
4o’ =

olgg — 171" )= e’, e = quark charge in e units 0.8 I T =
(qq ) 3¢> 1 1 1 . 0O 02 04 06 08 LO 2
M2 e e lcos63, | =
Sg=M,, =Ts 2
(@ TBA L

Parton model: Pure QED process




PQCD: Drell — Yan - 11

Fall 2016

Reverse e'e” — gg process: qq — e’ e
Obtained by any reaction
hadron + hadron — [7 7 + X

A

L 2420 — "

Ignore parton transverse momentum

Ignore non-annihilating partons ( — "spectators")
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Ignore parton fragmentation




PQCD: Drell — Yan - 111

Fall 2016

ee” —

do o .
——=—(1+cos* 0

ds 4s( )
4o’

o=

3s

qq —

do  Q*a’ |
4 —==9 __(14cos’f" ) —

d<) 4M2< )3

Q,e: Quark charge
%: Color factor

M?: "y invariant mass = Total energy in partonic CM
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PQCD: Drell — Yan - IV
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(qv]
LL

p=xhF= xl(E’O’O’P>
p, = %P, = x(E,0,0,~P)
q=xF+x,P, :[(xl —|—x2>E,0,0,(x1 _x2>P}

M?>=q"~ (xl —|—x2>2 E? —(x1 —x2>2 P’ ~4xx,E* = xx,s = Ts

Switch to more useful kinematical variables:

Either °
X, =X —X —iﬂ Feynman x of parton pair o
F=XN "X = /s y p P =
©

M? = 5X, X, %
=

Or: 5
1. E | - : : b
y=—In ztps ~ “lnL Rapidity of parton pair (neglecting rest mass) %
2 E—p, 2 x, =

=

M = \/sxx, L]




PQCD: Drell - Yan -V
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(qv]
LL

Inclusive cross-section:

Contribution by parton pair with (xl , X, ) fractional momenta

Lo(pp— i+ x) =27 2201y ) o ()4 £, () £ (o

IM*
Il E+4+p I, x
= 1 - 7 ~ n_l — 2y
2 E-— D 2 X, s X, = X,€ x, :ﬂe—y’xl :ﬂe-&-y
M = \/;xzey Vs Js
M = \[sxx,
dx,dx, = JAMdy £
S
Ox, % -
Jo (x,,x,) _|OM  dy| Ox Ox, Ox Ox, %
O(M,y) |Ox, Ox,| OM dy Oy OM 2
oM Oy i
5
—J :Le” [—ﬂey]—ﬂeﬂiey _ M B, = RN dx,dx, =|—2 A% dMdy =
Nl el e A Vs ;
L




PQCD: Drell — Yan - VI

—doc= 2_2ﬂ
oM \ s

ST:MZ%M:\/;

;Qﬂfg (xl )fq(x2)+fq (x2>fq (xl )]dey

d* S’ ,
i = o DO (8 i () + 4, () £ ()

q

d? 8ma’ ,
- dely - 97]T\js %:Qq [fq (xl)ffI(XZ)—i_fq ('x2>fq (x1 )}

Central events:

y:(),xl :xzz\/;

d’c | 8’ %:qu[fq (x/;)fq (\/;)Jrfq (\/;)fq (\/;)}

— =

y=0

d’o
_, Y2

dMdy

y=0

Fall 2016
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PQCD: Drell — Yan - VII

Fall 2016

M =57 — dM =lsd (V7

— 572 d’o — V2 d’o :Sd—za
amdy|_, " Jsa(Vr)ay| " a(Vr)ay|
— s B3 () 1 () 1 (7)1 ()

Scaling behavior: Compare to DIS
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PQCD: Drell — Yan - VIII

2

(em? GevZ nucleon )

sd’0/4. /7 d
oRTH oo

RATIO

|b3l

-32
Q0

-_—
p

G

06

7 ’ :
. SCALING @ |
_ #. p—
i ]
i & :
R 5 1
] " :
: : g
i 5 -
‘\‘\; -
: 2 {b} ]
% E 4
a - i |
BE R K 31
¢ 4l
1 i | _a_(\'-)
2 3 4 5

d%c/dMdy for [yl<1 [pb/(GeV/c?)]

Drell—Yan differential cross—section

-1 X 88/88 Run dileplons (ee+py, ﬁ:ll pb %), publ PRD 49, 1894 -
- ¥ O 92-95 Run dimuons (107.4 pb ") =
1ol = -
0 NLL Z+DY {JY|<1) MRS (&) — 1
0 (7“ an
107 = CTEQ 3L, LO+k_factor Z+DY =— — —
- NLL Z+DY {|Y|<1) MRS (A) x 3
i (y# Only) ]
10-1 —
1072 —
1073 -
10-4 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 2
0 100 200 500 400

lovarient Dimuon Mass [GeV/c”]
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PQCD: Drell — Yan - IX

Fall 2016

NLO QCD corrections:
>/\A/ - % - EM - }/\m
(a)
IE DU B
(b) (c)

Quite similar to QCD corrections to:

e'e —qq
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PQCD: Drell — Yan - X

Fall 2016

Total rate:

Same effect as for

e'e —qq

Real gluons compensate virtual gluons

2
o (real)+ o (virtual ) = 2, o [47; ;]

— Overall effect lumped into a K -factor

2
KW :H—&[SL—%]zH—Z.OSas ~2
T
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— QCD predicting a sizeable enhancement of total cross-section by a factor ~ 2




PQCD: Drell — Yan - XI

10°p — T , .
E 0.05<x, <00 (x107) 1
S"f' H H ~ o ¥ s -1 : -~ 2 ’
) . +6.5% normalization uncerainty 10°F 0.455x, <05(x10') +6.5% normalization uncertainty 5
10'k : I T o 3
= E 015€x,<02(x10°) f .
g 10°F
- 10°F %‘M “%%\33 3 ;
- r : I, el . T
o | 0.25<x,<03(xI10) N’*«.ﬁ 10°F
LIE 1 ke 0. 8
g f
S [ 035sx <04 w10") 10'E
= 10F 0 -
S f i
S F &, 1 10°F .
Hc I[)ﬂE Vs =38.8GeV e 1 0 I'S'Sx‘ <08 (x10" ) |
o - e E866 pd MRST 01 Ofot) ’M 1
- L N k L
[ E866 pp ___ CTEQ60(a) T 10 ’ . E
10'F o ET72pd ER: "?ﬁh\ 3
& E605 pCu 11 Q%h$j '
Iu-Z L | 1 L I | lU é 1 L 1 1 . L i Aﬁé
4 5 6 7 8 9 10 11 12 13141516 4 5 6 7 8 9 10 11 1213141516

M [GeV]
a

Extracting same PDFs as from DIS : Good check

Also extract PDFs for mesons

M [GeV]
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PQCD: Drell — Yan - XII

Fall 2016

Basic diagram generalized to include electroweak extensions:

Quite important processes at hadron colliders
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PQCD: Drell — Yan - XIII

Drell-Yan at large: LHC

. . Euenti.l’ﬁev
<L 29[ =S

2

CMS Preliminary
10

Ns=7TeV, L =40pb’

i 2
! . !r‘u'%asa (GeV/ic?)

Fall 2016
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PQCD: Hadron Collisions - 1
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Consider all the 2-body processes in QCD:

99 — 4949-99 — 99 Quarks only
q8 — 498,98 — 98,88 — £8-99 — 88-88 — 99 Quarks and/or Gluons

All yielding 2 jets to LO

9 /4
Y

~ Ha? o

= fav.

] fﬂ,t K
= . s £
C al o a; g 5
5\ ~Fg 7 ;._1 -~ [
1N ¢ 0 ) —
p ! 1 : ©
l{'\ l’ -
g _w_\-&v‘:-"_w-_ X ] ."g
Figure 1: Feynman diagram for ¢,q; = giq;. 1 # J / ‘-.'l] - 9
p : {
h/~ DE ——— o
; a =
~ [
4 4 P D

\ < / . G/ 08 -
w, e e i ‘ L !
= — - =
;;,‘ :;J 465
g o X <
& = VAN 2 2 B Py arrams for )
v, R \gi Figure 5: Feynman diagrams for q;g; — g9 =
rd b D
&/ i, 2
LL

Figure 2: Feynman diagrams for g;q; — giq,




PQCD: Hadron Collisions - 11

When quark only processes can be identified, expect

Fall 2016

do T

d (cos 9*> 2s.

2
Sy = (xipi —|—xjpj> = XX;S

— |M|2 x 14+ cos*0" as usual

/
T i @TBA
b ’

¥ o

0.5
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PQCD: Hadron Collisions - 111
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3
o

| 4/- Systematic Uncertainty
~—=NLO pQCD Uncertainty (CTEQ 6.1)

4 A ' . ' l | L 1 l A |

A l A | | ! A A
100 200 300 400 500 600
Inclusive Jet E, (GeV)

-
(=)
~J

-

-
10°
cg - E CDF Run Il Preliminary
E‘ = Integrated L = 177 pb”-1!
s 'F 0.1 < 'h#?Det!| < 0.7
w_,10 _E JetClu Cone R =0.7
¢ 107 -
S 10 —
10° -
10° = . RunllData
=
0

—
o
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PQCD: Hadron Collisions - IV :
©
L
T
1073 pgRuni ® |y| <0.4 (x32)
10° ©0.4<|y| <0.8(x16)
10° m0.8<|y| <1.2(x8)
01.2<|y| <1.6(x4)
10 A 1.6 <|y| <2.0(x2)
10° A20<|y[<2.4
3 102-
]
S
2 10
13 2
o 3 o
§ 10714 Vs=1.96TeV !%
w 1024 L=070 fb! =
% Rl!:lI!II'IE = D'? Z)
1073 o g
4 — NLOpQCD =
1074 E + non-perturbative corrections :_’
105+ CTEQE.5M g =y =p; j
3 S
C
10_6 | I T I I | T T T | %
50 60 100 200 300 400 600 L]

pr (GeV)




PQCD: Hadron Collisions - V
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Complete jet evolution cannot be
computed in a full QCD framework:

As shown 1n the picture, increasing time

] Space
scales correspond to decreasing ? scale,
down to a region where perturbative
expansion cannot be granted Timelt

Conversion of quarks and gluons into < - o
hadrons (Fragmentation or 2 s Qi §fe S
Hadronization) must be evaluated by S 5} HE 5
ey =K o | 1 [~ :
ad-hoc prescriptions (models). —L= TEREE 1 2
— -t t — E’
s 91 10 1 [GeV =
QCD-inspired, successffl? models often [GeV] 5
based on string-like behavior of =
pairs @TBA S
e
(0]
=
LL




PQCD: Hadron Collisions - VI
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Typical model implemented in fragmentation Montecarlo programs

qq Interaction
QED-like at small distance

@TBA

Gluon self-interaction yields string (flux tube) pattern at large distance: F' = const

= =0

@TBA

Picture baryons as ‘mesons’:
33=3 @6
4999 =499t q

=

~q
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Fall 2016

Confinement - I

RIS

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

el

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

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

Bound states: Non-perturbative, ‘white’, energy scale = L
Does a,(L?) correspond to the color confinement range?

Very likely. But remember:

It has not yet convincingly shown that QCD is a confining theory
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Confinement - II
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QCD: At large color charges separation, field lines compressed to tube-like regions
Reason: Gluon-gluon interaction

—  ~ String

< N
(€ ) )

— F (r) ~ const —V (r) = kr Linearly confining potential

k~1GeV/ fm
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Confinement - 111
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Regge trajectories: Old concept, adapted by potential scattering theory
Very general property, not related to any constituent model:
Linear relationship between angular momentum and (mass)? of resonances
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Confinement - IV
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String model of mesons: Simple ‘explanation’ of Regge trajectories

dP"

dr

F' = ,F" = (~vF-u,~F) relativistic 2nd law

R
—>m:E:W:2f’7F-dI‘
F =kt <« linear potential
R R R K
—>m:E:2f7kf'-dr:2 ———dr
o V1=0

0
r y dr
/ 5:E_>m:E:2k»0f—2:7TkR
[

r

2
J= ZkILdr—lﬂkRzz n

T
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Gluonia - 1

Fall 2016

QCD: Leading to predict new, ‘exotic’ ( = non gq) mesonic states
Quarkless mesons: no valence quarks

— Gluonium, aka Glueball

Expect, among others, exotic quantum numbers
Flavor: 1 Singlet (<« no quark)
Color: Bound state — Must be 1 Singlet ( < 'white')

— 2 g at least Observe:
SR8=1P8P8DP10D 10D 27 1 of SU (3)C exchange-symmetric
Pick singlet: when originated by

1 <> Symmetric 828=10858010410 &27

Bose statistics = Spin X Orbital: Symmetric
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Gluonia - 11

J=L+S

By taking S — wave (space symmetric) :
L=0—->J=5=1®©1=0,1,2

S =0,2 Symmetric = OK

P=(-1)"=+1
C=(-1)"=+1

By taking P — wave (space antisymmetric) :

L=1-J=191®1=0,1,2,3
S =1 Antisymmetric = OK

P=(-1) =1 |
) xotic!
C= (—1) =+1

Compare to gq, standard mesons:

S,

s, g
s - U
o

Allowed:
J=L+S
L+1 Not allowed: exotic gombipations:
P=(-1) J¢ = 0O-- 0 2+~
Cu(-1*°

2
Irl +#11 1] +1 1
<1 op/f2 1/4] 2 ] Q
0+111/2-1/4] 0 0 Q

#1 =117 11721073
0 Q|2/3 OHI/3) 2 1
=1 +Ne1 210311

=f/2 1/2| 2
-1 01/2=1/2 -2
[=1=1] 1
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Gluonia - 111

Indeed, build 2g state out of single gluon states with defined helicity:

Fall 2016

U, k,R;—k,R> = ‘—k,L;k,L> not a U, eigenstate
U, k,L;—k,L> = ‘—k,R;k,R> not a U, eigenstate
U, k,R;—k,L)=|-k,L;k,R)=|k,R;—Kk, L)
— U, eigenstate, n, =+1, J;,=+2—=J =2
U, |k,L;—Kk,R)=|-k,R;k,L) =k, L;—k, R)
— U, eigenstate, n, =+1 J,=-2—J =2

k,R;—k,R)£|k,L;—k, L)
— U, eigenstates,n, =+1,J,=0—J =0,2
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— Pick ‘k,R;—k,R> —|—‘k,L; —k,L> (symmetric) — 1, = +1




Quarkonium - I

Fall 2016

Small distance: Perturbative!

Indeed: Large quark mass — Large Q°
— One gluon exchange OK

Non relativistic effective potential ~ Coulomb-like

|
r << —

m,

4 o

Y D
Y

3r

—V

Add phenomenological confining term: String inspired

— Full potential:
V(r) ~ _aq + kr
3r

Most interesting gg physics case: Heavy, neutral, flavorless mesons
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In order to better understand it, revert for a while to simple QED bound state: Positronium




Quarkonium - II
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Bound state of electron - positron: Similar to Hydrogen atom

PARA H ORTHO “ notation N2*1L;
P=(—1)L+1'C=(_1 L+S
238, )
215 A1 (AL=1, AP=0) \. 23|>2
" i 23P, 2P,
R 23P, :
siev| oK \ 135, ﬁ1 (AL=1, AP=1) . E
! Iy :
VS e,
1l 1=08ps :C)
=0 I=0 =1 =1 -
iy S=1 S=1 1t S=0 i g

= JPC:0'+ — JPC:1" = JPC: 0+ 1+ 2+ = JPC=‘|+-




Quarkonium - 111
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Family portrait of —onia:

@TBA
Positronium Charmonium Bottomonium
W(4160) N
4s Y (10580) )
2’8, W00 wmmm | N ! a; f-‘!‘!eff’?'.d_ =
10 4.0+ 10.5F _
pd BA
>‘; 2392 N 2p 1S wm——— T (10355)
2 et
1 " %% W(3770) mm— 2P
< I S (— DD threshold __
a s, w(3685) H
23p, Y ' 4
o
: ; / £
% L2 - T (10023 o
of 2'Sy & 55k H e e oof = (10023) 2
£ =
= e H ©
w0l T R
o 1 4 -‘(E
y [
: g
K S1eV ‘=
s f 1's, -
- W(I097)
%] M1 (B4 x 10~*eV) —IT{ 1
a v =
1
30 L3y om0y e 2
I O
Hadronic o=
of 1 c
2y4 'S0 TH decay [0}
A 1L ah 'S Il 1 1 L 1 1 ' 2
0 = 0 1*- o = 0 = [ 1 2% i
2% 2+




Quarkonium - IV

Mass (GeVic2)

451 W (8415) n
r i oo T
= W (4153) d
"'\-\._\_ _
_
 (4029) 1
4.0 - b -
[
-
38
1, (2961)
a0 L
JPC - o7" 1~ o’ 1 att 1t

ot bound states

Mass (GeV/c?)

11.0

-
Lt
o

—_
=
[=]

8.5

¥ (11018)
. =
_ ¥ (10865) BB
—
“hpg
¥ (10877) )
— . 2MIB)
; - s
BB
Y (10355) ¥
_\r—- —_——? — Y —— = j{' (10271)
- _-’. ‘x' 10233) l‘:lezafjll,L :
N ‘r ;

' T g e
| m:i LAY (aBED) >, J':P]
|| ' Ty

JPe= 177 07 ™ 2*
bb bound states

Striking similarity, = same energy scale above ground state
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Quarkonium - V

Original interest for non-relativistic, Schrodinger equation approach:

AE (charm) ~ AE (bottom) Amazingly close
E288 M(Y")— M(Y) | M(Y")— M(T)
Two-level fit 650 £+ 30 MeV

pb/GeV/nucleon

04l

Three-level fit

M) — M)

0 + 40 Me
__~ 500 MeV >

L2 1000 + 120 MeV

Yesterday 1977

T

E288

Events / ( 0.07 GeV/c?)

5

10000

8000

6000

4000

2000

Today 2012

Hh

4

CMS Preliminary, Vs =7 TeV
Lie = 40 pb’’
1 <1
o = 67 MeV/c?

5N

105 1 115 12
up mass (GeV/c?

Fall 2016
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Quarkonium - VI
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Reminder: Bohr radius

n’ 1

R=— >R, =—
am am

Consequence of Coulomb potential, static limit of 1 photon diagram

If 1 gluon exchange approximation can be granted, expect for quarkonium
1

R_~——
qq a,m

Observe: m large — R small = ¢, small— 1 gluon appr. OK: Self-consistent

Use phenomenological, gg confining term like this:

V(r)z—gas + kr
r

Solve Schrodinger equation with these terms
(Add more terms to take into account relativistic & color-hyperfine effects)
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Question: Which form of effective potential would yield m-independent AE ??




Quarkonium - VII

Scaling Schroedinger:
v(r)=R(r)Y,, (6.9). u(r)=rR(r)
y7i =% Reduced mass

V(r)=Ar" Power law potential

h2 dzu { PRI G)

dar’ O O~ 2ur’

2+V
Scale radial distance
2U ‘a‘

(

dzw L L(1+1)
T E-P — 2
dp p

2
?7
) 2— Scale energy

%

}u (r) =0 Radial Schrodinger equation

3 parameters:

m
1 reduced mass = quor qq

A strength

v exponent

} w(p)=0 Adimensional radial equation

Fall 2016
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Quarkonium - VIII

©
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(Q\/

(qv]
LL

Scaling laws

1 v

Length:  Loc(pfA[) 2 Energy: E oc(p) »+2 [Alr+2
Coulomb (,u‘)\‘)_l sz
1
Logarithmic ( i ‘)\‘)_2 TN 2
1 12 g
Linear (,u‘)\‘) 3 TRIE T
1 EE | %
Harmonic (,u‘)\‘) 4 TENE =
Well (1)) ! s
é
L




Quarkonium - IX

©
¥
o
(Q\/

(qv]
LL

Cornell potential

> 1 L QCD potential
<
>
05 |
0 L
o
£
o
s . ¥ [
0.5 Coulomb—like S
©
. D
N o
-1 l+ E
* =
f as = 0.3 %
=1.5 fl k =1GeVfm™ 3]
| g
j L
ek | ﬂc'-"\ll Xc2 \IJ(ZS)

0 02 04 06 08 1 1.2
r (fm)




Quarkonium - X

Fall 2016

Several interesting applications:

1) Logarithmic potential yielding AE mass independent
Also obtained by properly fitted Cornell potential

a (q2 =(2m )2) ~0.25—0.35
— Fit { ° 7
k~1 GeV/ fm

2)Extra bonus:
Probability density oc L™ — |1 (0)]" ~ (u[\)

— Fix partial width to e"e” of vector mesons
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Van-Royen - Weisskopft - 1
Attempting to calculate the vector meson decay rate:

I, = |AV 2, A, = < f |T|V> Transition amplitude between V (initial), f (final) state

The meson is a bound state — Initial state not a plane wave!

Fall 2016

Then expand the amplitude into plane waves:

A =S elY)
NS v(p)

A(p) plane wave amplitude, ¥ (p) momentum space wave function

> 4, = [dpA(D)y(p) = [@pA(D) [ ()™ d’r = (2;)3/21 d'ry (r) [ A(p)e™ d'r

(27)"?

Take A(p) = A=const - A, = Lmj‘aﬂr W(r)jei"'rd3p = (27[)3/2 Ay (0)
(27) —
(27)'8(x)
‘2

T, =|A,[ =(27)'|A[ |y (0)

Why is A(p) = const?
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Van-Royen - Weisskopf - 11

Consider the process involving free quarks (plane wave):

©
—
o
(Q\/

(qv]
LL

qq —e'e

Cross section, averaged over initial, summed over final spin projections:

1 _ _ _ 27\

qg—ete (P) = ‘A(p)‘z ,V ¢, g relative velocity — T e (p) _ ‘A<p)‘2 ( :)
(2r)
~—

flux

Take 1-photon annihilation QED diagram:

Ta’Q’ p. V2 4m§ Justthe same as  e™ +e” — pu" +pu” .

quﬂfe— (p ) - —|1+ ? + But: Do not neglect rest mass =
s D, S S

=

For small initial velocity: g
2 Vv §
SN(2mq) ,pqwmqa S
212 2 212 2 =

TQ v m T % 2

o +_(P)= Q r. 1+ —+—L|= ? Pe 1142 41 g
e e s D, s 4m, m 3 g
q 2 wi




Van-Royen - Weisskopft - 111

Fall 2016

Obtain the decay rate:

‘2 (27)  7a’Q? p,
T 3

1% mq 1%

—>‘A(p)‘2:7TaQ p, Vv :7T042Q2 D,
m, v (2xr)  m (2a)

N 7ra2Q2

3

o, .. (P)=|A(p)

- Neglect quark momentum, electron mass
q

2 4ma’Q’

mx N

Vv

p-independent OK

We took the average over initial spins for our plane wave cross section,
resulting in 3 (triplet) + 1 (singlet) = 4 states

Vector mesons have spin 1, so we should not count spin 0

—Get another factor 4/3:

34 47a’Q?
X (0
3 (2n) M2 W )

Van Royen - Weisskopf formula from the roaring '60s

‘2 16 ma’Q’

T, ~(2n) |A]'[(0) ~(2n) =

‘2

[4(0)
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Still incomplete, but useful




Van-Royen - Weisskopft - IV

For Bottomonium and Charmonium:

3 3

- I :ﬁ& ’

4, OF ~ () =2 =
3 47r042qu
(27} M2

O m, 0946
r, O'm.  Q:3.10

Fall 2016

2 47ronmH 7ronm

-1, ~ 2 i (0f ~2 L|of

Fw (ee) ~ 555 KeV

DORIS (DESY) results (1978):
ee Nl 26KeV

Qb Lpm_ [1.263.10
T 0028 — — — strongly preferred
\/r m, \5.559.46 ‘Qb‘ =P
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OZI Rule - 1

Fall 2016

Okubo-Zweig-lizuka Rule: Disconnected diagrams are suppressed

AY

WA

.e
AY
W/\

This diagram is connected

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

AY

This diagram is disconnected: BR 15 %
(with much larger phase space)
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OZI Rule - 11

Fall 2016

L

iy F

\ U
" g \Ks Explaining the small width:
onh permesso energeticamente

m,, = 1865 MeV
— 2><mDO = 3730 MeV >m

J/w,mw.

/,/// Therefore J /1), 1)’ decay to open charm

is energetically forbidden

iy

AY

: \ — Decay diagrams are disconnected
v — OZI rule: Decay is suppressed
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— States are very narrow




OZI Rule - 111
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As a general rule
— Ao a) n=number of gluons
Hard gluon — o, small

Soft gluon — «, large

Connected diagrams: Large number of soft gluons — A = large
Disconnected diagrams: Small 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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OZI Rule - 1V
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Consider quarkonium annihilation into gluons:

qq — g Excluded: (¢7), ><(1g),
qq — gg Allowed
qq — ggg Allowed

Decompose the direct product of 2 octets:

8RE=1D8BR8DI0D10" ©27 é é

Charge Parity:
JPC:O*+—>C:—+—1—>2gOK \\ \
J“=1""—=C=-1—-3g OK

Perturbative regime: A(2g)>A(3g)
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—Pseudoscalars wider than vectors




OZI Rule -V
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By comparison with positronium:

(e*e*) oy
positronium

rffe’e) == o (o)

Ny

( charmamum
4
e — —e —a—— 5 a Quark charge

x9 Sum amplitude over colors

480/° 2
)= 7y|= 7|V (0) 2
e But: -
(CE)charmonium — 88 g
From SU(3) algebra: 2 g in a color singlet state Positronium rate was obtained by taking the g
9 low speed limit of scattering amplitude to 1- S
Color factor = 2 photon approx -
()
_ 207 2 ' é
F[(CC )— &g ] = 3m§ & (0)‘ Is it granted for c¢ ? g
: L




Crystal Ball - I
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949% of solid angle covered

Central
End Module Sparkchambers

Interaction
Region

Ball @TBA

Sodium Iodide

Nal (T1): Inorganic scintillating crystal; 77 is an activator
Merits:

Can grow large crystals

Lots of light
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Crystal Ball - 11

Fall 2016

672 optically isolated Nal(T1) crystals, 15.7 radiation lengths thick
Inner radius 25.3 cm; Outer radius 66.0 cm

CB geometry: Based on icosahedron.
Each of the 20 triangular faces (major triangles) is divided into four minor triangles, each
consisting of nine separated crystals.

Each crystal: Truncated triangular pyramid, 40.6 cm high, pointing towards the center of the

Ball.
Side on the inner end: 5.1 cm ; Side on the outer end: 12.7 cm

i/

R

LECEX:

2" diom

o ST&GE

BlaLKaLl
E

A @TBA

Crystal & Photomutiplier
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Crystal Ball - III
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Icosahedron magic: Platonic solid (!) , 20 equilateral triangle faces
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Triangle count: <
=
LU

Large triangle 20 Small triangle 80 Crystal < 720 (edges)




Crystal Ball - IV
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7000 T .
T on Most important results, among many:
6000 |- . Tune beam energy as to form W' (3686)
£ 000 i Observe decays into photon + X
é 4000 I~ | Charm
z Threshold
O 3000 -1 - p
3 XT5415) J ¥'(3684)
2000 - ;
7 candidote
1000 L1l ] ] T N | (358 . x2(3555)
50 100 200 500 1000 . !
Xy (351
£, (Mev) Not obseﬁde 1(3510) 2
Inclusive photon spectrum ~ @TBA by CB! . Xo(3415) E
j" S
» ©
s L ' %ﬁ??égfe%d i .[. y Transistions *é
[ i — E1 q>)
2 - * - M' E
/ —-— "Hindered" =
L | | L uvsoes) M =
- / =
-
ot 1 O f £ (2984) <
[}
11l 1 I 150 351 11_-,1 BPJ =
GO EO 'm EDD 40:] EDD' A-82 41M1AND |_|J




Crystal Ball - V

After moving the CB detector to DORIS (DESY, Hamburg): Bottomonium!
Observation of the P-wave triplets

a0 -
= 5
N Lt
o
X 20
@ _
€ 10
0D |
»0 |
“- 4 @TBA
28 &I
0| - ’
b s y
) r |
4
2 Ll
[ 4
°0 100 200 500

Ey (MeV)

Figure 11.2: The photon spectrum from Y’ decays obtained by the Crystal Ball Collabo-
ration at DORIS II. A triplet of lines corresponding to T — x3(2 P31 o) is seen between
100 and 200 MeV. The decays x;, — 4T produce the unresolved signal between 400 and
500 MeV [R. Nernst et al., Phys. Rev. Lett. 54, 2195 (1985)].
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Non-Perturbative QCD - 1

Fall 2016

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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Non Perturbative QCD - 11

©
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(Q\/

(qv]
LL

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

3 L
Bali et al.
2 i ™~
1y =0.51m
1
=
2 or
>
= A
= o
2L =
K
3+ 5
©
-4 T | | 1 | | "é
o5 1 15 2 25 3 ©
iy E
D
qq potential from lattice E
S
4 o . S
V(r):—§—+ar : Not a bad idea after all... =
r LLi




Non Perturbative QCD - 111
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Examples:
Charmonium levels from lattice Predicted glueball spectrum from lattice
12 —
0 -
i Charmonium | -
— 10 . 2 w3 N
- D D thresholdA 2 f-- o | 4
e - 3" m—
o - 1 O —
E':_-.n : :n B —— —_— ] 8 B .
5t o - IR 3_ _
;_'i - 1 go 2 — ,_(3 |9
= i T o E o
O T ] — «©
G 1 4 ro” @
L 2
- 1, L T =
1 5
2 B 1
5
@TBA _8
0 0 <
+4+ —+ +— —_
PC =
L




