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Experiments probing the EM structure, like DIS:

Fall 2017

Scaling of the structure functions:
Evidence for point-like,charged constituents
Like free particles when interacting with EM current$high Q2

Never observed outside hadra®sTightly 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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Fall 2017

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

Baryons and the Pauli Principle
R Ratio
p 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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Fall 2017

Quark model:

Besides its many, remarkable successes, a centralip@hissue:

The baryon wave function (spacespin ~ flavor) is symmetric

Pauli Principle seems to be lost, which is very bad news:

The Spin-Statistics Theorem is a consequence of vergrgéprinciples of relativistic QFT,

not easily dismissed
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Assume the process e
e e gqg hadrons

hadrons

to proceed aldiest order througt

As for DIS:
Don’'t care about quarkadronization assume
the time scales for hard and soft sub-proces
to be wildly different
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R counts the number of different quark species created at anyEjyeBxpect:

2 2

ud R 2 > Low energy
3 3 9
2 2 2
ud,s R 2 1 i ° E 1-1.5GeV
3 3 3 9
2 2 2 2
ud,sc R 2 1 1 2 10 E 3 GeV
3 3 3 3 9

By taking 3 quark species
of any flavor:
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R = o(hadrons) /o (utpu=)

T T T T T T T I T T i
F T/ ¥(2S) Y(1S,28S,3S) :
[ [ v ]
6 7
5 ‘ o
T N 0 R T it
it B |
2 :
IF |d+u—+ s ~
n i "I 1 1 1 1 | 1 1
3 1 5 6 7 8 910 20 30

Eem (GeV)

@TBA
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Originally calculated by takingp,p in the triangle loop (Steanger 1949)

/W

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

Nucleon current in the loop: 4-vectd?
[Actually axial vector, to match pion —ve parity]
/P spinless: Only 4-vector availabge,

® Decay amplitude p,,)"

Fall 2017
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With a proton loop rate OK (1)

By naively replacing the proton loop by a quark loop:

d
— 2
J _ > e=T u
q | | 3

i u

5y 26 S

w |

Amplitude: 2 vertexes

Eachvertex ~ e  Amplitude &

Sum over light quarks d, :
2 2

aQ €12 1 1 g2 1l gl
i u.d 3 3 9 9 3
quark 0 E oot 0 ?2??

uar 9 roton

Wrong by a factor 9!
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Upon looking more carefully to the problem, things look athyieven worse:

By taking seriously the quark model, one cannot escape goesees of approximatshiral
symmetnof light quarks

Then simple guess on approximate symmetry of the initidestsuld lead to concludehe
neutral pion is stableAnother quark model puzzle..

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

Advanced topic, quite relevant to the Standard Model:
Quantum field theories must lamomaly freen order to be renormalizable

Interesting conditions for SM to be anomaly free, includofgirge quantization
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Direct method: /P produced in a first thin foil, when not decayed do not
contribute toe* yield from gconversion in a second thin foil
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Primakoff effect

.o Very simple idea:

Get a high energy photon beam + high Z target
Pick-up a virtual photon from the nuclear Coulofmetid
2-photon coupling will (sometimes) creatpa

=
lr -11""-‘:-‘

2
d .. ,8 E* F g ‘ _ Strongly forward peaked
9 o Z o J SIN® , Quickly increasing with energy
LAB 0 StronglyZ dependent: Coherence

G= 1/t extracted by measuring the differential cross-secti
Nuclear form factor required
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Recent experiment: PrimEx at Jefferson Lab (Vi@ini

PrimEx Setup

Hall B
o
+ Y A
£ { HYCAL
with
& Veto Sc.
~ &
~
Sweep ~ Pair
Dipole Spectr.
Superharp
Exp. Target
N,=5MHz

0.85E.<E;<0.95E,
Photon
Tagger

radiator

o

I=100nA
E.=5.75GeV

@TBA

Tagging Technique

TAC

Ny ¢ Ny:Ne'* Smg
» E~E,-E,
(AE,/E,~10")

tag — ta
Ny 9 = Ne g'ftag

N}rag : Number of Tagged Photon
NI9 - Number of Tagged Electron
99 - Tagging Efficiency

Tagging Efficiency

tag Y I=0.07nA
£ O +E '{:5\3-"' 88y
Tagger T-counter Channe!
E,=0.95E, ————————p 0.55E,
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t. Heavy brother oé andm

m= 1776 MeV
Weak decays:
P, e dz _
g,g:ud, s
7{ BR e 18%
W- W-
- Yy Va1 @ BR 17%
BR dg 65%
Yr @TBA Ur

In the absence of color, weak interantimiversality would lead to predi
BR e BR BR qq 33%
With color:
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New hypothesis:
There is a new degree of freedom for quarks: Color

Each quark can be found in one of 3 different state
Internal space (mathematically identitalflavor):

States = 3-component complex vectors
Base states:

1 0 0
R ed O,Green 1,Blue O
0 0 1

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

Just anamefor another, non-classical property of hadron dtunsits
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Provided one can build a color wave function fde@nions which
Is antisymmetric, the Fermi statistics problemalved
Total wave function of a baryon

- Antisymmetric

color orbital spin flavor color

Symmetric

To account for 3 different color states, Reatio must be multiplied
by 3® OK with experimental data

Just the same conclusion for hadrohdecays: Multiply rate b

The correcit? rate is obtained by inserting a facfor

Fall 2017
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Observe:

When computindR, ¢ decay rates we add tmatesfor different colors
® Factor” 3

We deal with quarks as with real, on-shell particldgnore fragmentation

When computing® decay rate, we add tlemplitudes
® Factor” 9

Quarks in the loop are virtual particles: Amplitudedarfere
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Must be possible to build hadron states as csioglets

Do not expect hadrons to fill larger irr.reps.:
Would imply large degeneracies for hadron states, ne¢ted
In other words:

Color is fine, but we do not observe any colored hadron

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

Should the nucleon fill th8 of SU(3),, there would be 3 different species
of protons and neutrons.

Then each nucleon level in any nucleus could accommodateti8lpa instead of one:

The nuclear level scheme would be far different from the mieskeone

Fall 2017
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Therefore we assume the color chargeasfined
Never observed directly, as it is the electric charge

Why? For the moment, nobody really knows

So color charge is a counterintuitive proprerty of ¢ggsgland gluons: see later):

Colored constituents cannot be directly observed
Unsatisfactory?

Our idea of what is a satisfactory property for a cduostit particle:
Based on our experience with gravity and electromagmeti

both unconfining interactions with a good, intuitivyservable classical limit

But: Gravity and EM are not the last word about intéoms...

Fall 2017
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GuessSU(3)as the color group
Take the two fundamental decompositions:

3 3 3 1 8 8 10 Baryon:
3 3 1 8 Mesons

Both feature a singlet in the direct sum: OK
No singlets irBA3: OK

Can't say the same for other groups...
TakeSU(2)as an example:

Say the quarks live in the adjoit(2)representatiorf
Then for dQ:

Observe: This i8 of SU(2),which is quite different
3 3 1 3 5 from 3 of SU(3)

Diquarks can be in color singlet
® Should find diguarks as commonly as baryons or meso
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SU(3). is anexact symmetry

B

m: mS om’,..

3 2’
15 ve©
R +)J2 +13
G -2 +13
B 0 -23

Beware: SU(3) has nothing to do witlsU(3)-:
Quark guantum numbers are independent from their colcg stat

They are left unchanged by QCD transitions

J3
15 Ye
/2L Y3
/e -y3
0O +23

W @ XAl

o
£
o)
|_
©
©
=
0
P -
)
=
C
D)
1
=
3]
e
=
c
3]
=
Ll

N
=




According to our fundamental hypothesis:

Mesons3 3 1 8

1 _ _
— RR GG BB
NE

Baryons:3 3 3 1 8 8 10

iRGB RBG GBR GRB BRG BG

© 6
In both cases, pick singlet

Mesons:No particular exchange symmetry
(2 non identical particles)

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

Fall 2017
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Fall 2017

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

Baryonic/Leptonic numbers
Conservednot originating interactions

Electric charge
Conservedorigin of the electromagnetic field

A deep question:
What is the true origin of the electromagnetic interan®?
We have freely used the interaction tejmA , only basetthhenclassical analogy:

But supposedly quantum mechanics is more general
than classical mechanics/electromagnetism..
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Symmetry:
Absolute phase not defined for a wave function.
Expect invariance as per our old acquaintance, i¢ost Theorem

L, X m X Free Dirac Lagrangian

Global gauge (=Phase) transformation:

G: X 'x U x e x q:Newphase Charge
L, invariant wrtG ~ Charge conservation

Just meaning:

Takeall particle states, re-phase each state proportiotwits charge

Fall 2017
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Generalize to local phase transformation:

X

G : X 'x U x e" X Local gauge transformation

L, notinvariant wr, : Derivative term troublesome

L, X | m x L' i xe“” e"* X m x X
L' i X X g X X m X X

L' i X X q X X m X X

L,' i X X m X X ( x! x |

Local gauge invariance cannot hold in a world eéfparticles

Symmetry reques interaction
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New transformation rule:
# X 'x U x e9" x Asbefore
A x A Xx ¢ X New character in the cedy

Equivalent to re-define derivative for
IgA Vector field

Add a new term to Lagrangian:

L g X x A Interaction term
j
Same as classical electrodynamics

L, X i m x L L xi m

Sum is invariant

Fall 2017
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...And another one:
1

ZF F, F A A Field energy
Must be there because the field caraasrgy+momentum-+angular moment
Reminder:
F isthe EM field
0 E E FE
E 0 B B
F X z y
E, B, O B,
E, B, B 0O

Field must be massless to hdvgauge invariant

Tk twtax g 2 LA mo
2 2 2
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Consider all the phase transformatioasiafined befort
X 'x U x e"* «x

The full setis a groupty (1) Unitard;; dimensional

ediXglizx y  @h1X 2% )

1 parameter: X

Abelian: e @1Xg 2 yx gl2Xx gldix

U(1) is the (Abelian)gauge groumf QED

Equivalent taSO(2),group of 2D rotations

# (

Fall 2017
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Extend gauge transformations to a 3-component itaweion:
R
G

B
Global gauge transformation: Phase change for iehaf components

Phase change will mix color components

GS: X 'x Ug; x e X Ug unitary M Hermitial
igM - igle . .
e " 1 igM T M : (@ 3 Hermitian matrix

M acting on the 3 color components of the quark state
Since the color symmetry groupS&J (3) :

8
M .

i
i1

: Vector of 8 8 3 Gell-Mann matrices; : Vecuwlir8 parameters

Fall 2017
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As for QED, extend ttocal gauge transformations
As before, in order to guarantee invariance of
Re-define derivative adding new vector fields:

1 igC
_ # 4-vector field Lorentz stcture
\ atrix & SU 3 _ Color space

We know how to express any Hermitian mat& SU 3 _:

Use SU 3. generators Gell-Mann matrices
1 8

i1
So gluons are a bit like 8 different “photons”, kanged between
color charges

C G* G 8 fields required: Gluons

a
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Local gauge transformation f&U (3) :

X 'x U x e9 * x Veryimportant: New term, coming froaU(3)
being non Abelian

x G'x G x ® g @ x ° x al..¢t

0 b,c 1

Reminder:

—a b —jfac_c f 2 SU (3) structure constan
2 2 2

L, — X | m x L L

L g X B X G Interaction term

G* G' Field energy terr
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Take the expression of fields in terms of potentials:

Veryimportant:Absent in QED (f=0)
New term, coming fronsU(3)being non Abelian

G2 G® containsterms with G @G GG GG

3 gluons 4 gluons

When translated into Feynman rules/diagrams, thesegpaddecorrespond to 3 and 4 gluons
vertices

So:

The form of QCD Lagrangian leads to predict the existenf a new kind ofjluon-gluon color
interaction
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Since color interaction is tied to color charge,ave sayinghe gluons carry
their own color charge

Sounds unfamiliar? Well, that's all after playingiwa non-Abelian gauge group.

Unlike the electric charge, color charge can mahnifself in more than one way.
Indeed, gluons carry a type of color charge déiféfrom quarks/antiquarks:

Color + Anticolor

Fall 2017
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QCD Vertexes

igEa Similar to QED:

g Lorentz structure not show

g Lorentz structure not show

# (

ey,

Fall 2017
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Compare to mesons 8U(3).: Flavor + Antiflavor
But: Gluons are not bound states of Color+Anticolor!

Still, they share the same math:
Gluons live in the adjointg] irr.rep. ofSU(3)

1) %rﬁ br | 2) %rﬁ br |3 %rr_ bb
i . e 1
4) 59 9 |5 ﬁrg gr |6 ﬁbg gb
i 1 —
7 — bg b,8 — bb 2qc
> 2 g g > /6 I dg

Fall 2017
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A very natural question: Gluons coupbteq

Since one can decompose the tqtal  cslate a
3 3 1 8

Then: Where is the singlet gluon?

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

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

Would give rise to a sort of “QED-like”, long range alinteraction, not observed
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Non Abelian vertices: Gluon-Gluon scatteriaigtree level(no loops)

= & 5“%%%5 f"c-'tﬁ'ﬁ'ﬁ-':_})é\ uf),,.

¢

e

o
Q. Q0

N
p
8
]

Ae? N

'

S

=

e

S

|
000000,

Vertexes:

3 gluons: A ¢

4 gluons: A \ ff

Compare:
In QED, photon-photon scattering amplitude occtierder a2 .

through the 1-loop diagram ’H:’; H\\

A
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Compare the different situations:

carica=0

m\ colore=t.c,

flusso di carica flusso di colore

QED QCD
Photon isnheutral Gluon iscolored
Neither sourcing, Sourcing cplor
nor sinking charge sinking ardler

Fall 2017
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Comparison of coupling constants:

avs.a, Adimensional constantsnferaction strength)
Can define elementary charge in termsz o

Measure particle charge by its ratio to elementaigrge:
Number

What are the allowed values for these numbers?

Fall 2017
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QED: Gauge group i8belian

Electric charge can benynumber:
No reason for charge quantization So electric charge quantization is a bit of a mistery

[Tricky business: Sticking to perturbation theomgeanust have the Slsinomaly-free
in order to enable renormalizationThis in turnrequirescharge quantization.
But: Is the SM just perturbation theory?

At a fundamental level, Grand Unified Theories expldiarge quantization based
on larger symmetry groups likeU(5)

But: They fail to explain proton stability]

Photon charge is strictl§

QCD: Gauge group ison Abelian

“Color charge” value isixedfor every representation

Quarks:3,3* ® Q =4/3

Gluons:8 ® Q=3 Similar tol(1+1) for any isospin SU(2)) multiplet

Fall 2017
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Consider the static interaction between 2 charges:

QED

For fixed |q , the ‘charge factor' can kefided as:
o0, # 1 ag O

f12 T2
|Cl| » 1 00 O

Very simple for an Abelian interaction

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

Identical for any transition in a given representation

Color Conservation

Less simple in this non-Abelian interaction
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aqq dq
3 ¥ 18 Observe:

. #l Similar to conservation of total I-spin
Total color conservatio

P4.C4

1.4 Pz.Cz

o
=
S
8 S
: _ : g _ . g A
T, i g3c i ul | 2cd = 4 c ©
color current propagator color current g
c
Sum is over all &olor matrices =
¢ are the color states of initial, fing{ E
2 S

_ 1
T, —=u3 ul 2 4> d ¢ ¢ g 5
q 4 i

color factor

N
N
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Just as an examtesult is the same for all octet e&

L 1 0
7 100 0010 1
! 0 0

.} 3 3 8 8 _}

41122 11 22 6

Fall 2017

o
£
o)
|_
©
©
=
0
P -
)
=
C
D)
1
=
3]
e
=
c
3]
=
Ll

N
w




# (

Singlet
) gg  Only this state in the singlet
J3
But: Any component can go intany other ..
11 1 3 ° :
f == ¢ ¢c ¢ ¢,i 1,23
43 B, . 0
3 1 1 1 8 3 1 8
f fi — == T = Tr
1 AN3Y3 gt 12,
8
Tr 2 Tr 16
1
;2
3

Fall 2017
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Color states: Triplet and sextet:

Fall 2017

1 1 1
3*: —101b br — Db b — qgr r
72 20 P

Antisymmetric

6: rrbbgg%rb br l/libg nglz gr rg

Symmetric
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Sextet
rr Just as an example: Resulte same for all sexteses
1
¢ ¢ G ¢ O
0
18 ! ! 18
f = 1 00 O 100 0o = 1 1
4 4
. 0 0
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Triplet
% rb br Just as an example as before
;1117
422
' 1 0 1 0
1 00 0O 010 1 010 0100 1
0 0 0 0

1
g 11 22 21 12 12 21 22 11

E 3 3 8 8 11 2 2 2
w2 w2a T, w2 12 22a 122

N
(00]
w |

1
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Matrix elements just calculated:
Very similar to the corresponding tree-level amyulgs in QED

® Expect similar, Coulomb-like, effective potentialthe static limit

Constant depends on the color representation éoquiark pair:

4 :
——= singlet
vl 37 Attractive
qq 1
——  octet
0 6 I
g—s triplet
A/ ' Attractive
1 S
——=  sextet
0 3r

Expect maximal attraction in singlet
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Baryons could be in any one of theé3,10representations:
Why only the singlet is observed?
A hint of an explaination:

3 3 3 3 3 3

3 3 6 3 3 3 3 6 3

6 3 10 8

3 3 1 8

1. each qqg pairis a triplet® attractive

8: gq pair can be triplets, or sexteé® attractive + repulsive
10: each qqg pair is a sexté® repulsive
So singlet is the state maximally attractive fayuarks

Does this explain the singlet-only mystery of bogtates?
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Consider thene loopmodification to the photon propagator:

- Includes a sum ovd?, the momentum circulating i
\ the virtual loop. No obvious bounds Bn

ufk)

. et P uP éu P "u P
M etk ukg—2 14 d P . d g g'eUp‘ uop
qQ- 2 P> nt P g° nt ¢
Modified propagator:
g g ) ) Cdp? 2 Px1l X
— =119 ,1q dxx1 xInl ——
Qg 3¢ ' nt
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Take the highy? approximation

2 1 2
g m In1l qx—2x In %
~ m Provisional upper bound (cutoff) to make
| o2 @&IOZ o ! e I f integral converging
q XX XIn —-
31, p s i
M 2 2 1 q2 M 2 q2 M 2
| g I ZIn In In In
T 3" w e 3 m ' m 3 4
2
M u k uk(‘;213lan2TJp up
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Extend to diagrams with,3,...,n,..loops: Add up all contributes

Sum of a ‘geometrical series’: Converging ??

M[wow

Experts say this is the only contribution to runniago the ‘leading logs’
approximation, which means neglecting the next levelsesation
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1 /3 InM? @?
What is ?
Coupling ‘constant’ we would get showd turn off all loops
Callit , ='Bare' coupling constant, not physical:
Loops cannot be taed off
Then obtain an effective coupling, nanstant but running:

0

1 ,/3 InM? @

ais ¢?, or distance, dependent!
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Runninga is still cutoff dependent, which of course is uncomfolgab
But: Not a real problem.
Indeed:

Q Q

1 ,/3 InM?/Q?

Take a particular energy sca@”  °

2 0

1 /3 InM? ?

Usually chooser=0, i.e. takea at distance® ¥

Quite natural in QED (but not compulsory)
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In M_2 In M_2_2 In M_2 In _2
2 Q2 2 2 QZ
Q2

1 ,/3 InM? ? In ?/Q°

2 0 0

1 ,/3 InM?3 2 In 2?2 1 (/3 InM? ?

° 1 ,/3 InM? ?
2

Q o/ 2 /3 1In ?%/Q* 1 2/3 In Q?/ 2

Veryinteresting result: Running depends o, through its owrmeasuredralue
at any chosen energy scate

Cutoff has disappeared.
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Deep physics involved:

A - number of diagrams can be formallplaced by a single,

1-photon diagram where the couplingistant' is running witky®

Result valid to the 'leading log' approximation
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Virtual (loops)e*e pairs Effective shielding
Ol
% ﬁ - ’/::I- + \-I:i\\ -
(Tt + 1

'+ © +,“ 1 o 128

gl 137 i

t 4+ ¥ =
- m, g’

/i

Picture the QED perturbative vacuum as a sort ofyaljtdielectric medium:
Virtual photons an@*e pairs continuously created/annihilated

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

The standar@ charge is smaller than the bare charge

By probing the electron at smaller and smaller distance,
observe arncreasingeffective charge
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Experimental method: Bhabha scattering *‘ll_f: _ lTﬂr” (%).1 +O)(1+8)+6s,
, » S-channel contributions (small)
radiative corrections (known)
Use accurate, differential cross-section measuretoamfold t

[Total cross-section measurement would requirerariasity]

—5155 T BT T Y e N T Y R T
| e — e'e” L E P S'_—‘j g TOPAZ U/eell and qq average: & o
_':5 150 Fils Lo leplonic dala lroms: =
I lie=constant=137 04 145 > - DORIS, CPETRA, ATRISTAN g

45 [ 4
135 - _ S
. E E —
[ e M0 w L S
~— 1/ otgpm 135 \L\ of ,%
3 ~— 130 | | _ Q) ' o
=130 | ) - =
125 A I g

- prelim. |-
[ 120 ‘l s 0
*  181GeV’ < -’ <6.07GeV’ OPA : : b=
® 210GV < -@° <625GeV° L3 115 [, )
125 + O MW 122568V < -Q° < 3434GaV’ L3 110 - OPAL 2-fermion fits: © E
I O  1800GeV’ < -Q° < 21600GeV" L3 : average: ® : GEJ

J— QED { g SN SRS I PRRAT EENEPEPI NS PR S
PRI M i | é o | :;; sl ;. e 108 0 25 S0 75 100 125 150 175 200 2
/ GeV LLl

1 10 10° 107 10 Q

-Q% (GeV?)
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Just as an example, take L3 at LEP: 161 { 1 1
Relying on Bhabha scattering at small angle 7= (92 BE )

Calorimeter (Energy) + Silicon Tracker (Angle + &ptance)

10°

® Data

|
?

Hadron Calorimeter Barrel {
I
| — MC BHLUMI
I

-

10°L

Hadron Calorimeter
Endcaps HC1

()
-
c
=

Number of Events

o

§=

S

|_

o

©

=

10'E &

g (5]

] =

_ [ S

fffff s )

DJEE 10° 3 -

i b=

' (b}

: - . =

Luminosity + o

BGO 1 Y &

. I R R B >

- 0.40 0.60 0.80 1.00 L
E Ebeam
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Repeat all the steps: Loops etc

Except this time one has more loops: Gluons

Fall 2017

o
£
o)
|_
S
©
=
0
P -
)
=
C
D)
1
=
3]
e
=
c
3]
=
Ll

o
=




| . #

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

2

2‘ S

> 1233 Dy, In|of|/

S

Running couplinglecreasesvith increasingy? (or at smaller distance)
This is known assymptotic freedom

Large ¢ processes feature small coupligyPerturbative!
Most important consequence:

The fundamental hypothesis behind the succesgfuampanodel is
finally understood and justified
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Rather than making reference to a specific value, of

2

2 S
q
) ‘ 1 S ’ /12 33 21flavor ln‘qz‘/ ’
define a new constant
12
In 2 In 2 12 - 2 2e 33 Mgavor s
33 2‘]flavor S

: 12 12

33 2, In‘qz‘/ ? 21In‘q2‘/. 2 ‘q

S

Renormalization scale  Fixes,  atcll
200 MeV yields the correct, at® M,

Funny behavior, known as 'Dimensional Transmutation
From an adimensional constant to a disienal one

s

1
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Quarkonium

Sources
Jets
DIS
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Electron-Positron annihilation:
Electroweak process

Lowenergy &, M., ): Mostly electromagne
High energy &, M., ):Mostly neutral currer

Final stateFermion /Antifermion pair

Muon vs quark pairs

Best doserved ab e colliders
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Apply crossing symmetry to electron-muon scatteringe taure e.m. amplitude at tree level

e +m® e+ m A: Segiing
e+ e ® m+ m° e+t "e® "m - m B:Annihilation
crossed crossed

Amplitude for scattering:
[
T, ss, nr eu p,s u p,sqi2 eu pTr u .p

5 : 2 12 1
g B AR d B R H R 2RR
2 , , . . g=4-momentum transfer
o 2mM 2EE p,p,’_  2EE p,p,; O

Amplitude for annihilation:

ig
7
app ¢ n B F B 2p8
o> 2 2EE p,p,_ 2EE p,p, O

T, ss,rr eu p.s pr €., ps U p

g=total 4-momentum
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m 4
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P, |
0 |p r COS

pisin 0 |p’c

g1

#4

P, S p s

—Irmm m /B m

RR RPBR 9

4p'R AR

RR BA
EO0OO0 E
MZ

0S

2 2
e g M o

E? ==

i

P roup T U T
7/ p M/ p M
p p M
g p'R M
M pp mO

o
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lepton discovery, mass & spin detemation:

2 2
o M7y 1M
E 2 E

M Q
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m mevent: L3 detector at LEP
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Total cross-section v& Low energy

ADONE (‘70s)

# (
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Total cross-section v& Higher energy

PETRA (‘80s)
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Angular distribution: Low energy
1-photon, forward/backward symmetric

SPEAR (‘70s)
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Angular distribution: Higher energy:

Some contribution from %, forward/backward asymmetric

e'e— WU 34 GeV

-
8 $-da/dRInb-GeV] g

T (@]

- - " £

.Jlllllcloflellllll- -IllllE?leIllll |9

-5 Q0 0S5 05 00 0S 5
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Forward/Backward asymmetry: Important subject
Effective tool for precision tests of SM
May probe physics BSM

Interesting point:
Tiny asymmetry expected from pure QED
Coming from diagrams with >1 plwt

Dominated by interference terms
between amplitudes (a) and (b)-(g):
Opposite charge parity

Recent surge of interest from large asymmetry
found at Tevatron iht  production byahd 2 gluons
Similar physics, data not fully understood
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e e annihilation into hadrons:
At the parton level = Crossed Deep &stic Scatterin

;" ;{f S >
e \n éﬁf T “L‘E:_Z_t—_:__-h.{,. ’ =
\ N S
Y g S
/ < [
/ _ - //{\K +
e / \\p /9/ _~ ~ ex

Understood as annihilation intagg  pair,
followed by quark fragmentation into hads
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By ignoringquark fragmentatiomletails

e g q hadrons

3 2
—1 CO§ eflavor

S flavor

élavor

S flavor

*

Picture of quark fragmentation

Due to color confinement, quark/antiquark unobdelevas free particles

Expect hadron debris from quark fragmentation

Hadrons: Trend towards grouping into narrow pencilsastiples

Jets

Naive prediction: 2 jets

At high energy, expect hadronic annihilation eventséoon-spherical
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Total hadronic cross sectidh R  Ratio

Reminder:;
Time scale of hard interaction
T 1 1 1 Very small

Q Js ManyGeV
Time scale of soft hadronization
1

Large
1GeV

Perturbative cross section OK

Expect at 30-4@GeV.
11

R & 3 Q 3 3.67  0.05 coming fronZ’
i u,d,schb

Measure :

R 3.9
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QCD corrections Next to Leading Order (NLO):

Virtual gluons

Real gluons

Real gluons: 3 particles in the finahtd
Some kinematics:

%, 2
s s
D x,.&¥ 1x2x 1
2E
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Observe:
Plane (2D) event
Within the event plane: 2 degrees oeflem

Differential cross section:
1d2 2, X X

S

_dxldxz 3 1 x 1 x

Basic remark:

X, % 1 -

Also true to higher perturbative orders
2 jets dominant over everything else
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Total hadronic cross section:

B d2 2 2 2
o8 Qq’ dx, dx e 3 Q3 Xl>r 1X2 % HEE
q

In order to regularlze diverging integrals: Funny anthrt idea

Shift to 4-2e space-time dimensions, make them nicely converging..

Diagrams with real gluons:
2 3 19
ER

qag

O

q
Diagrams with virtual gluons:

2 330

2

qag

q

Adding everything up, and reverting to 4D:
R 3 Qf —= 3 11 1 0.14 3.8¢
9 3.14

383 0.05 388 Il
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For 2 jets events

1 cos quark spin 1%
g' 1 cos

1 co§ quarkspin 0

Q_‘Q_ Q_‘Q_
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Mark | (SPEAR) ALEPH (LEP)
E = few GeV E =90 GeV
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Definesphericity of events:

.3 . P 2-jets
S m|nE ! g

P’ spherical

min: Choose axes which minimi&4 Iterative
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Interesting observablelhrust
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DELPHI

4%
%

ALEPH
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Absolute number of jets ill defined, thoin theory and experime
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Define number of jets as a function ohseresolution parameter
according to &lustering algorithm

Example : JADEalgorithm

By fixing ay parameter as

rrlzhresh yS
compare the invariant mass of each parton pait Q.

2

PP ys ] LN i,J replaced by a single pseudojote

N N 1

lterate untilN N,
2

BB y§ i) LN
Then:
Ratg jet RatgJet y

|\Ihit N
Ratg ot Ratget y

o Of course,

Extend ton partons QCD predid§s , y !

# (
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Definey=y,

2EE 1 cos; nmy

Yi

p. = (E;, p;)
dij

Exit with 4-momenta oh jets
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Exceptional 3-jet event from OPAL
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Get a measurement of
s 35GeV 0.146 0.0

<M, 0124 0.004

z
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Is QCD reallySU(3)?
Test for non-Abelian couplings at LEP: 4 jets events

Special angular correlation from 3-gluon vertex amojple
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Look at distribution of a special angle, sensitiveéon-Abelian
couplings:
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Any diagram:

Need to average over initial/sum over final colors

Similar to average, sum over spin prajeas for unpolarized cross sectior
But: SU(3) algebra, rather thadU (2)

® Color factor: Numericatonstant appearing in every amplitude

SU(3) : 3 constants, appearing in all color factors

48 i 4

7:0;'ch ® C.= 5

k=1 h=1 2
8 8 " "
flmfin—g C ® C,= 3

j=1 k=1

3 3/;2/;

4- jet events: Anguladistributions allowing for measuremesft C,,C_ ,T.
® Testing theSU (3) structure of QCD
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Write downF, in terms of PDFs

FZX 2 m FZX
. X — X
. L v . iiq
D uud n ddu
2 2 ) 12 2 2
FP x x%upx %qox szx§¢x§qx
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Consider the deuteron structure function:
1 5x
d
F, X EFZP F,’ 5_2u'° x d X
d
F'x F x FE’x

5 1
—XUu x d x =X X 4 X
18 p p 9 LE) q

%x u, X d x
Finally extract PDFs from measuréd
6
XU, X Xg X 3I§’x§l;—d X

XU, X xc{)x3lg‘?’x%r X
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Take a Hydrogen atom:

Common wisdom: “A bound state of proton + electron”
But: Consider the effect of radiative corrections (¢éogps)
Then we should be more precise:

Hydrogen = (Proton+Electrop). ..+ (Positrons+Electrons+Photogs)

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

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

Take a hadron:

Hadron = (Quarks/Antiquarkg). ..+ (Quarks/Antiquarks+Gluong),
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Sincea>>a, sea effects are much larger in QCD
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Among parton model predictionSum Rule¢ = Integral relations) for PDFs
Examples: Proton valence quark contenius

’upx upxdx2

d x d xdx 1

y P p
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Our picture of structure functions

Observe small deviations from scalilg: x ~ F, X @ !
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QCDonF, x,Q :
x dependence Non perturbative  Not preslic
Q*> dependence Perturbative  Predicted !

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAFPEquations:

Successful prediction @? evolution of structure functions

# (

Fall 2017
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First order (NLO) QCD corrections to naive QuagktBn Model:

g%qz
quark
e

nucleon
\

P

QPM

d 0°

quark////J

nucleo yP
\

nucleon

i)

gluon

Y8
T

QCD

#(

%

zyP=xP

gluon

%2
(;;;:;P

quark
(x-y)P

Fall 2017
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The bottom line:

Measured structure functions at any given Bjorkedepend on quark & gluon densities
taken at higher fractional momentymx

This originates a sloWp? dependence

Core physics: Probabilities of QCD radiative/sgaiiy processei3 (x/y) , B (x/y)
Usually calledsplitting functions
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FZ(X) 2|:1 (X) QZ q( X Quakkarton Mode

X i

F, (X ’ 2

) g2 gy (x Yy £

X i 5 Reminder: 5

1 ©

F, (%) q2 q(y 1 E ﬂ’ X X, al x i 1 x -g

X S y 'y £

o

y y y y %

F, (X) ' X %

g q(y 1 5 qq(z)%/ QCD corrections

X i ’0
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q )
g_ «k K g % P
% N\N quark
uark quark s=(p+q)’
q /_\ t’ q, quark gluon

P P P

k E

u=(-p)? =(@p)? P :

g(k) alp) ® g*(K) a(p’) g@ a) @ a(P)alk) %
d e u s 2t ds :CFaase§ -t s g’ :
d ,, 25 s U su AW g6 gq 2s s t st 5
>
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gluon

g

q9 guark p
qguark

dpZ d(p'sin® ) 2p'sin cos d 25 d(cos )

1

d sd d 8 d

dp?  >d cos B0
3 24 d 8df di s d

2

Reminder (Bjorken) :x g
2P ¢
2 2
Define: z g g
2p q s d
d C € 1 7
oW, @ RE

Fall 2017
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Integrate '‘Compton-like’ differential@ss-section between:
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(Q\}
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lower cutoff 4 no divergences% upper cutdff (  éamatical),S partonic CM engrgquare(

P~
d C. <€ 2
o, ggUE T R@N T
. e€C1 22 F(X) ' X Q dy
Redefine £, ¢ ) 2qs 7 Zx | ez,x q(y) @ —y) 2—3 R (z2)In—~ -
FZ(X) 2 . S Q2 X dy
_S|p = 22 .
iQ q( ,XQ())Z n @y v g
, =
q (x,Q%) =
1 2 ©
Q X dy iz
| sp ¥ p X9 7
q(xQ) 43 , U P v g
6q xQ z
1 3]
d 5
6 q x@ qa(xd) ¥ | Ay=h @i B 2
! 2 y Y E
6InQ i
6g xQ d
nQg® 772 My y
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Evolution equation for each quark flavor:

dg(x @) s p X dy
dln(Qz) ’X q|(y’Q2)2 ng y y

Observe: Sincg x g X @ ), the evolution equation

should involveg, & @ ), ratherthap x , under the gng symbol

This is actually incomplete:
We forgot to add the contribution from the 2nd daaqg..

dg(x Q@) @) "
dIn(Q?) 2
And there is antbier equation for the evolution of tgkuon  density:

dg(x Q) Q)" 5 X x dy
AN 2 iqi(y,Qz)qg y ady Q)R v Ty

X

Ay AR, = oyd)p XY
y y

Altarelli - Parisi, or DGLAP, equations for the parton déies:
Integro-Differential equations for th@" evolution of the parton densiti

Fall 2017
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PDF Evolution with @
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Historically best observed and studied at hadadiders

ISR = Intersecting Storage Ring (CERRSsY
pp 31GeV/beam
Some pp

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

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

RHIC = Relativistic Heavy lon Collider (BNL "3 Millennium)
lons 200 GeV/nucleon*beam

LHC = Large Hadron Collider (CERN 3rd Millennium)
pp 7 TeV/beam (presently 4 TeV)
lons 2.7 TeV/nucleon*beam

Fall 2017
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CM frame: usually identical to LAB

Important exception: ISR (collision andl&®)
Not relevant for LHC (collision angle.01°)

But: Partonic collision CM Event CM
E.. p of parton collision unknown

Initial state only partially known
Separate collision kinematics into:

Transverse
Longitudinal

Introduce useful kinematical variabldgapidity, Transverse momentum
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Lorentz transformatio® S

1
z' y N Ji % z
t' t 1 t
N
Compare:
1 2
227 7 77 1 cosfy sinAy 1
2
# cosh £
_ y tanhy, v rapidity e
»  Sinhy =
A coshy sinhy z IS
t' sinhy coshy t 5
Q
Another way of writing a Lorentz transfoation:y instead of §
LLl
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Split off longitudinal/transverse momemh components:

E2 n? |p/

2 2

[= 5
E°E m p g nf g m m ,p transverse ma
2

p' coshy sinhy p
E' sinhy coshy E
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Most important properties:
Rapidity isadditive under Lorentz boosts
Transverse momentumirmvariant  under Lorentz boosts

#E m coshy p e e¥ & 1
_ — tanhy
m sinhy E ¢ e’ & 1
1 P

P 1 &1 &2 1 P e _E °
E E E p £
' E 2
©
1. E p =
—In B
2 E p 2
Boost alongz by 5
1. E p p E 2
y' Eln Z
E p p E §
LLl
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, 1 _E 1 1, Ep 1 1
y' =In —In —In
E 1 2 E p 2 1
y Yboost
Indeed:
Y Y Y Yoos
dy’ dg o' vy
Consistency check: §
o
For momentum along '%
1, E p 1, m m 1, 1 g
y =In—— =In——— =In— o
2 E p 2 m m 2 1 ©
I & 1 & 1 & & 1 2
1 5
2y 5
c
= tanhy g
L

coshy OK
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Pseudo - rapidity
1, E p 1 1 cos 1.1 cos 1 stn/
n n —In —In
2 E p 2 1 cos 2 1 cos 2 cobs/

y %In tart /2 In tan/ 2

1 to 1 correspondance to polar angle
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Interesting processelsiclusive
Ex: Inclusive productionat a b ¢ X

Inclusive, invariant cross-sections
3

Reminder: Lorentz invariant quantity

Elementary volume (impulse space):
Same as cylingral coordinate space

d* rdrdzd dP P dPdPd

E E o

P E

gy S 9P Gpdpd 2
E I
Azimuthal integral: B

2 gp 1 £
dyRdP d 2 dyPdP 2 dg d ¥ dyd 2P =

, 0 E ’ 0 %
Inclusive, invariant differefl cross-section:d3 E ds L9 L 9 5
dP  dP dyd B 2 R dydR =

E
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Introducing pseudorapidity, transverse energy camapts of 4-momentum:
E = E; coshy E

Fall 2017

E,=m ® .. ® E= : /F- In(ta

T p = E sinhy 5 coshy 4 (tang/ 3
sinhy :tanhy:‘/COShz y- 1

coshy cosly

® tanif y= 1 ! o 1h7 1 tanh® E E 1 tarthy

R
cosify  cos
cosg/ 2 sing/ 2 v2

- _ sing/2 cog/ 2 _ . ) . y2 :
® E, » E\1- tanfh= E 1 cosg 2. S 2 E 4 (codg/-2 shy o= E sip

sing/2 cogy/ 2

p= E PP, P
PT2:PX2+Py2 P=P,
E»P E»PR
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® p» E cos E sif E cds E sihh Useful in clustering algorithms
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Partonic kinematics: Relevant for 'hacdllisions

Event CM frame:

: PA EA’O’O’ pA . . 0
4-momenta incident particles
. EAO0,0, p,
' P
g;l AT 4-momentacident partons
, %R
oM A % Parton CM speed as seeewnt CM = LAB for most calilers
X X%
X2 X X% Parton Feynman
1.1 v 1,.X% .
y —In —In—=  Paton CM rapidity as seen by event CM
2 1 L 2 X%

X, X, varying on event-by-event basis
oms Xes Y Not fixed, rather statistically distributed
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Distribution depending on event type




Hadronic, inclusivecross sections for hard processes

A B ¢ X

result from a convolution gdartonic exclusive cross sections
a b ¢ X

at any given partonic CM energy

A B f X Cab, achfaAXabeXb OA Bbgadxcld)g

a,b
with PDF over full range ofx, X,
gtotal/differential in the final state
b ¢ Xg/osummed over initial, final colors
C,, color-averaging factor, different foog dg qg gg

Fall 2017
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Partonic CM energy

V8 sx %

Introduce
X%

Switching tox, , independent variables:

d
X, — dx —
X, X,

Hadronic cross-section in terms of partonic subgseacontributions:

1 1

C, d . ..8 fux f,o /x, A B &

a b! a
) )
a,b 0 Xa
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A B f X
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Re-write cross-section alsfferential in

d AB f X ~ C“?b
ab ¢ X S
d ab d
Introducingdifferential luminosity for parton collisions ocecing within ~, d

d ' d
% Cor, funXa fyo /X, OA Bb!a%

dL, 1dL, di,
d s d ds

o |

Parton luminosities quite relevant
to assess production rates:
Ex. Higgs at LHC
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alone does not fix kinematics of the initial stafsey Rapidity

%% x, ¢

1. X%
y =In—=2 J e’
o 2 %

Foranygiven :|y = In

Re-write hadronic cross-sectiosadoubly differentialin both y,

d
e Cababcxfa(AXabeXb OA Bb!a d—

an d)g a,b d dy

Ex. : Central production

d
y O X, X \/_ —d dy‘ Q.lb ab ¢ X fa{A\/_ beQ/_ A Bb!a
y 0 a,b

Ex. : Threshold poduction

m,
M~
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Examples of rapidity distribution: Thresholtt, bb production at Tevatron, LH
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Angular distribution in the pair rest fram

Expect 1 coS ~ as usual for Fermion-Antifgon

d g 'l a4 °, .
qu 2 q g %fl

X, X, Bjorkenx forq;q
2
Sa P P XB XB  XX%S

qq |1 e, e quark chargeire uni

2
Su M S
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Parton model: Pure QED process
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Reversee e gg processqq e e
Obtained by any reaction

hadron + hadron | | X

Ilgnore parton transverse momentum
Ilgnore non-annihilating partons ( "gpaEtors")
Ignore parton fragmentation

Fall 2017
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2
a - 1 cog
d 4s
4 2
3s
qq
d 2 2 .
- % ~1 cos 1
d 4M 3

Q,€e: Quark charge
%: Color factor

M?: invariant mass = Total energy in manc CM

Fall 2017
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b xR % EO00,P

. xE x EO0O0 P

d xR xR x x E00 x x P

M> @° % % E x x P 4xxB' xxs s

Switch to more useful kinematical variables:

Either
2
X2 X% £s| Feynman x of partgoair
T osx

y 1Inﬂ EInﬁ Rapidity of parton pair (neglecgnrest mass
2 E p X%

Fall 2017
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Inclusive cross-section:
Contribution by parton pair withx, x,  fractional momant

4 2
d> pp 9M2<ZL>§E>§£>§£1<dz<dz<
q
; 1. E p 1 x
y —In —In— &Y
ZEQZ&M&J)%@XZ%M’)&IN
S S S
Jsx% %
dxdx, ~ JdMdy %
%X 5
g &% [ Moy X % % % z
My | % %[ My y M g
M y :_)
1 M M 1 M X X, X % £
J —e?¥ —e¥ —e¥ = ¢’ — 2 |12 —12  dMc c
YOS TS TS s s AT :
Ll
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4 ° /xlxz
d? 22 Q@ f.ox fx f x f x dMdy
9M2 S q q q q q
s M2 M +s
d? 8 °?
dMdy 9M?* M Q fox % X
q
d? 8 °?
dMdy 9Ms Qfox fix fox fx
q
Central events:
y 0x %
L R AN S A AN Ay
f f f f_
deJy ., 9Ms % ! ) ;
24 |8 Tl gy
dey . 9 \/_ ; q q q q
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M Vs dM sdv

4, d? g @ d?
dmdy| Jsd+ d dv d
y 0 y 0

sdzyl 892% oA AV AR SN AV AV

Scaling behavior: Compare to DIS
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NLO QCD corrections:

Quite similar to QCD corrections 1
e e qg
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Total rate:
Same effect as for

e e dqq

Real gluons compensate virtual gluons

4 2
3

N~

: 2
real virtual =
3

Overall effect lumped into & -factor

2
Koy 1 _58? TZ 1 205, 2
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QCD pralicting a sizeable enhancement of tatalss-section by a factor
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Extracting same PDFs as from DIS : Gobeak
Also extract PDFs for mesons
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Basic diagram generalized to includieciroweak extension

Fall 2017

Quite important processes at hadronidelis
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Drell-Yan at large: LHC
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Consider all the 2-body processes in QCD:

qd d9gdq dq Quarks only
q9 dq9q9 9999 99 dqd 99 99 dq Quarks and/or Gl

All yielding 2 jets to LO
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A% B ! $

2
d i s|I\/||2
d cos 25

S XP XPp  Xxxs

|M|2 1 cos = asusu
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Typical model implemented in fragmentation Montecarlo programs

gq Interactior

QED-like at small distance

Gluon self-interaction yieldstring (flux tube) pattern at large distanée= const

= =0

Picture baryons as ‘mesons’:
3 3 3 6
qqq 99 q

q
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2‘ 12 2‘ 2
21In ‘qz‘/. 2 -

q

S

When‘qz‘ . 2, the previous expression doesapily

S
$
# o %e&
2
$ ( !'% 5 £
) <5*= 5
g
C T # D5% E » ( g
( % # ) & 5
( !t1c o
2
+ # o, - ) é
1]
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QCD: At large color charges separation, fielddisempressed to tube-like regs
Reason: Gluon-gluon interaction
String

Fr const V r krLinearly confining potenti
k8 1GeV/ fm
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String model of mesons: Simple ‘explanation’ of Regge traje&orie

F CLL,F F u, F relativistic 2nd lav

R
mEWZ’Fd

0
F ki 0O linear potential

m E 2 kK d 2 dr 2

’O 10 ,1 2 |9

R dr =

L m E 2k _ kR 2

o T g

R 5

. T 5
— 2

J 2k R g Ly M =

" 2 2 2 k s

1 i
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QCD: Leading to predict new, ‘exotic’ € nonqg) mesonic statt
Quarkless mesons: no valence quarks
® Gluonium aka Glueball

Expect, among others, exotic quantum numbers
Flavor: 1 Singlef-= no quaik
Color:Bound state® Must be Singlet (  ‘white’)

® 2g atleast Observe:

8A8=1A A & 184 1B 27 10ofSU 3. exchange-symmetr
Pick singlet: when originated by

1 « Symmetric 8 8 1 8 8 10 10 27

Bose statistic® Spin Orbital: Symmetric

Fall 2017
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J=L+S

By takingS- wave (space symmetric):

L=0® J= S=1A E 0,1,2
S=0,2 Symmete® OK

P=(-1)=+1
(-97=+1
C=(-1)°=+1

By takingP - wave (space antisymmej:

L=1® J=1A A £ 0,1,2,3
S =1 Antisymmetric® OK

P=(-1)"=-1 _
, ® xotic!
C=(-1)"=+1

Compare t@q , standard mesc

C O
O

Fall 2017
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Indeed, build 8 state out of single gfustates with defined helicii

U.|k,R, k,R | k,Lk,Lh notaU, eigenstate
Uo|k,L; k,L) | k,Rk,R notaU, eigenstate
Usk,R k,L) | k,Lk'R k,Rk,L

U, eigenstate,, 1, J, 2 J 2
U.|k,L; k,R) | k,Rk, D k.,Lk,R

U, eigenstate, , D, 2] 2

k,R k,R |k,L k,D
U, eigenstates, (8 0J 0,2

Pick |k,R; k,R |k ,L; k ,J (symmetric) 1

Fall 2017
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Small distance: Perturbative!

Fall 2017

Indeed: Large quark mass LaiQé
One gluon exchange OK
Non relativistic effective potential Coulomb-like

Add phenomenological confining termtri@g inspired

Full potential:

Vr ﬂ—s kr
3r

Most interesting)q physics case: Heavy, neutralofliess mesons
In order to better understand it, revert for a @id simple QED bound stateositronium
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Bound state of electron - positron: Sianito Hydrogen ator
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Striking similarity, same energy scadbdove ground state
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Original interest for non-relativisti§chrodinger equation approa

Fall 2017

6 E charm 6 E bottom Amazingly close

S —

Yesterday 1977 Today 2012
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Reminder: Bohr radius
N 1

R — Sl
m i m
Consequence of Coulomb potential, static limit @hbton diagram

If 1 gluon exchange approximation candgranted, expect for quarkonit

Observemlarge® Rsmall® a,small 1 gluon appr. OK: Self-consistent

Use phenomenologicaljq  confining term like this:

Vr ﬂ—s kr
3r

Solve Schrodinger equation with these terms
(Add more terms to take into account relativistic &arghyperfine effects)

Question: Which form of effective potential would yigidindependentE ??

Fall 2017
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Scaling Schroedinger:
y (r)=R(r)¥.(@/ ), u(r)=rR(r)

m:g Reduced mass

N~
i
o
(Q\}

@
LL

V(r)=/r" Power law potential
2 d®u | (1 +1)
— +

7 E-d 6 (2m2 u(r} O Radial Schrodinger equatic

241 o 3 parameters: =

r=r 27 Scale radial distance S
a 5

, reduced mass % fQg o

2tn 2 %

E=e — Scale energy strength z
2m | 2m exponent i
w(r)=u(r) z
2 (1 +1 o . . S

® e, e - ( 2) w(r¥ 0 Adimensional radial equatic =

dr? r
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Scaling laws
1 2
Length: L ‘ ‘ 2 Energ{ 72‘ ‘72
Coulomb ] B
1
Logarithmic | | 2 °l | =
(@]
1 1o =
Linear | | 3 3 |2 T
1 ! g
Harmonic || 2| |2 5
Well | 1 g
é
L
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Cornell potential

# 0
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Several interesting applications:

1) Logarithmic potential yielding E masgsdependeni
Also obtained by properly fitted Cornell potential

2 2
2 0.25 0.35
Fc &9 M
k 1 GeV/ fm

2)Extra bonus:

Probability density L | d° ||

Fix partial width toe e of vector mesons

Fall 2017
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%

G, :|A,|2, A, =(f|T|V) Transition amplitude betweek (ial), f (final) state

1% ® 5 >
1% $ % 5 .
A= (f[TIp(AVY)

A 0

A(p) plane wave amplitudg; (p) ~ momentum space waveifimct

® A= dpAp)y (p)= ﬁ dpAp) y (r) € d = i dy () &) ¥ d
TakeA(p)» A= const® d» —~— day (1) & #=(2)" A0
(20)

(er) ()
®G, =|A[ > (20)|Aly ()

A% ) » &
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% B!< 5 =
qj e e
Cross section, averaged over initial, summed awet §pin projections:
2 1 2 °
— . . 2
wee P A D ~—. Vg qrelative velocity P | A d v
2 3

flux

Take 1-photon annihilation QED diagram:

) Q* p, 1 v any; Jus.tthe same ase e )

qq e e s p, 3 S But: Do not neglect rest mass E
For small initial velocity: g
s 2m v 9
m R M z

p Ry Vv oAm Q' p g Vv :

aaiete s n 3 S 4nf Vv 3 g
M :

Amg m,v nj v

qq e e
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Obtain the decay rate:

2 2 2M\2
o p ‘ A p\ Q" p,
0 Vv nﬁ Vv
Apf P V. QR
P ”ﬁ v o ° ”i 5 3
2Q2
p. m, |A p| S Neglect quark momentum, electron m
m,
MV 5 4 2Q2 -
— L A _— independent OK

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

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

® Get another factot/3:

ol o Tl of
32 M2 3 M

Van Royen - Weisskopf formula from the roaring '60s

Still incomplete, but useful

.2 %Al of 2
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For Bottomonium and Charmonium:

of 1° My Mg

Fall 2017

2 8
ﬂz 5 4 2qu‘ 0‘2 4 ZQQZE‘ ‘3 quzna‘ ‘3
T3 2 "MZ 3 nf 8 6
o @ m Q946
Qm Q3.10
ee 5.55 KeV

DORIS (DESY) results (1978):
s ee 1.26KeV

o M /1—2620 0.28 ‘Qb‘ —1stronglypreferre
m, 5.559.46 3

Q
Q.
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Okubo-Zweig-lizuka RuleDisconnected diagrams are suppressed

This diagram is connected

This diagram is connecteBR 83 %
(with smallish phase space)

This diagram is disconnectedR 15 %
(with much larger phase space)
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P§ =
PG =
Explaining the small width:
m, 1865MeV
@ m, 3730MeV m, ,m
Thereforel / , 'decay to open cha

IS energetically forbidden
Decay diagrams are disconnected
OZl rule: Decay is suppressed
States are very narrow
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As a general rule
A T n number of gluon

S

Hard gluon small

S

Soft gluon large

S

Connected diagrams: Large number of soft gluéha = large
Disconnected diagrams: Small number of hard gluéné = small

Indeed:

Single gluon annihilation is forbidden for mesons byloco
conservation (meson £ gluon =8)

Annihilation of massive quarks yields hard gluéng, is small

Connected diagrams involve softer glu@s.is large
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Consider quarkonium annihilation into gluons:

qq g Excluded: qq,>< 1,
qgq g9g Allowed

gq ggg Allowed
Decompose the direct product of 2 oct

8 8 1 8 8 10 10 27

Charge Parity:
J° 0 C 1 2g OK
JP¢ 1 C 1 3g OK

Perturbative regimeA(2g9)>A(39)
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By comparison with positronium:

ee
pOSItI’OhIUI”I"I
2
2
ee F‘ 0|
charmonium
: 2 4
—e — uark charg
3 9 Q g
9 Sum amplitude over colors
_ 48 2 2
cc 5| < O]
2l But:

¢ charmonium gg

From SU(3) algebra:@ in a color sinigtate Positronium rate was obtained by taking t
low speed limit of scattering amplitude to
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Color factor 3 photon approx
cc g9 2 0‘2 s it granted forcG ?
ant) = S It granted forcc *~
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Sodium lodide

Nal Tl : Inorganic scintillating crystalll isnaactivatol
Merits:

Can grow large crystals

Lots of light
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672 optically isolated Nal(TI) crystals, 15.7 rada lengths thick
Inner radius 25.3 cm; Outer radius 66.0 cm

CB geometry: Based anosahedron.
Each of the 20 triangular faces (major trianglegjivided into four minor triangles, each
consisting of nine separated crystals.

Each crystal: Truncated triangular pyramid, 40.6hegh, pointing towards the center of the
Ball.
Side on the inner end: 5.1 cm ; Side on the outdr £2.7 cm

Crystal & Photomutiplier

E.Menichetti - Universita' di Torino
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Icosahedron magic: Platonic solid (!) , 20 equialt¢riangle faces

&

N

Triangle count:
Large triangle 20 Small triangle 80 Crystal < 720 (edges)

o
£
o)
|_
°
©
=
0
P -
)
=
C
o
1
=
3]
=
O
C
3]
=
L




C # (

Fall 2017

Most important results, among many:
Tune beam energy as to fopn(3686)
Observe decays into photon + X

O

Inclusive photon spectrum
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After moving the CB detector to DORIS (DESY, HandjuBottomonium!
Observation of the P-wave triplets

o
£
e
|_
S
©
=
n
S
o
=
[
)]
1
=
5]
e
O
C
)
=
Ll




& &

Needed to deal witbhound statesindsoft interactiorregime
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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Perform QCD calculations over a discretized spane-{lattice)

gq potential from lattic
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Vr g—s ar : Not a bad idea after al
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Examples:

Charmonium levels from lattice Predicted glueball spectrum from lattice

o
£
e
|_
S
©
=
n
S
o
=
[
)]
1
=
5]
e
O
C
)
=
Ll




