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» Historical approach
* Strong isospin SU(2)
 Strangenessand SU(3)

* The quarks model

e Colorand QCD



Historical

approach



In the 30's : Study of the p-n p-p and n-n scattering

Gstrong ~ 1030 m? Ocim ~ 1036m?2 Oweak ~ 1042 m?2

g g n g g

Jhe Jhe Jhe Jhe

X0 - X0 X0 XY

g g g g

p he p N he N N he N N he
Heisenberg principle :  Af ~ i = L 5 R = h—c7 (R = c At)

AE  mc mc-

Yukawa (1934) : range ~ 1 fm - exchange of particles with a mass ~200 MeV
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Experimentally : strong interaction does not depend on the electric charge (same
intensity for np, nn and pp reactions) > X exchange of same mass

(Charged) pion meson discoveredin cosmic rays in 1947
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The strong isospin :

The n-p system from the strong interaction point of view :

The electric charge
is conserved

The n-p interactions
do not depend on
the electric charge For the strong

- .
Interaction n = p

- The strong interaction is invariant under the symmetry which exchanges n and p
which is of type SU(2)

— 3 generators : the Pauli matrices 6; ¢, = (? (1)] 02 = (0 E)I) T3 =(; OJ
i _
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Remember spin V2 algebra ?

{l+|n> P) e {/+|p>=0
I_|p)=|n) I_|n)=0

1 . 1 :
/ =§(0'1+10'2) I_=§(O'1—IO'2)

—

The n-p interactions
do not depend on

the electric charge

[Hp,0,]=0  i=123



And one gets ...

Hlp>=m, |p>

Lny=lp) = Hi.|n)=H|p) =1H|n)=H|p)

= m,l.|n)=m,|p) = m,|p)=m,|p)

:>mn:mp

Sketch of the symmetry :

A
The electromagnetic interaction
939.56 | nucleon . n 13=-1/2 :
03Q 7 (Fe— - depends on electric charge
p 13=1/2 H |
n#p = [ elmr i] #0
- conserves the electric charge

[Helml|3] =0
Hint= HStrong + I_lelm

I

invariant under (partially) broken
SU(2)-isospin SU(2)-isospin

[H StrOng J |i] = [HnStNra(j)ar:]gU?il\lng_\LQablus' Palestine, November 2018 .




- Isospin multiplets

eExperimental : isospin conservation in ©-N interactions

o . : :
= (7= %) isospin 1 multiplets : «groups» of particles
*|sospin multiplets : with same quantum numbers

(spin parity), similar masses but
different electric charges

mass (GeV)
A
Different J

1.6 4 =(1530) - different masses
1.4 1 T 33)

== =1/2
121 4 A(1236)

A =0
YT " |=1/2

. _
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An other experimental observation : the discovery of the
'strange’ particles

« 1947 observation of cosmicrays in a cloud chamber
— K(~500 MeV) A(~1100 MeV)

KO-t

V‘part|C|e An Najah University, Nablus, Palestine, November 2&1K| nk» II’] the deteC%r



 Why strange ?
— Cross section of the production ~ to that of the n
— Produced by pair
— Lifetime ~10'0 s | (not the scale of the strong interaction ~ 1023 s)

* They are produced by the strong interaction but decay via another one

« What forbids the strong interaction in the decay ?

Pais (1952) :

New quantum number
conserved by the strong interaction
non conserved by the weak interaction

- The strangeness



We would like to be able to describe the full zoo of hadrons

mbutalsoANAZZ ... Neutral and charged !

- the quarks model Gell-Mann Zweig 1962

q1q2q3, 4.9.95 . G.9>
/ Mesons \

wons

@@

Reductionist approach, use of symmetries (similar masses)

ajah University, qus stine, Novem




The quarks

moael

An Najah University, Nablus, Palestine, November 2018

13



The quarks model of Gell-Mann and Zweig :

Hadrons are composite states of more fundamental degrees of freedom : the quarks
- Quarks properties :

* Spin %2

* Fractional electric charges: +2/3 or-1/3

* Quarks have a new quantum number : colorand N, = 3
* SU(3) symmetry

* Hadrons are color singlets

What was needed :

Q= 2/3 u, Mass ~ few MeV
Q= -1/3 d, Mass ~ few MeV s, Mass ~ few hundred MeV
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Let's start with 2 quarks
Remember 2 spin Y2
d> combination ?

u),

« The mesons are composed of g; g5

* With u and d only it is similar to spin 2 composition

* One gets:
I=11;=1)=ud
1 triplet |/=1,/3= >: 1/2(u5—da) ( 1118 \
_ 3(A
i |l=1,l3=—1>=du - A)
Isinglet [ /=0l =0) =12 (uu+dd) n 16

Known particles

\_ /
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But in fact one needs also to take into account the strange quark ...

SU(2) = SU(3)

Meson octet \
\\\
\
\\ O \\
S = ]_ \‘K \\ K+
\
\\ /\ \
\\ \
\\ \
\\ \\ 0
\ \\\ s
s — 0 71”_\‘ \‘ 71__|_ non-strange
. \ particles
\ \
n\\\ \‘
\ ‘\
\\\ q - 1
s = —1 :
\ . \_0
K K
\\ \
\ \
q=—1 q=70
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A whole zoo of particles can be classified ...
Building of the baryons (3 quarks)

Mass Discovery
year

~ 1.232 GeV (1950-60)

? g — ~ 1.385 GeV (1961)

()

o

%

5s= ~1.533 GeV (1962)
g — ~ 1.686 GeV (1963)

/
_EUENHNWNRE Some particles can be Predicted
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In 1962 Ne'eman and Gellman predicted the existence of a (sss) baryon

Brookhaven bubble chamber, 80000 pictures !

ICHEP @ CERN (1962)

1000 liters of liquid Hydrogen
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Found in 1964, mass as predicted

Proof of SU(3) classification

19
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But ....

KV K+
0
T . T
7
K- K’

The masses in a given multiplet are quite different ...

Particle Masse (MeV/c?)
T 140
m” 135
K* 494
K®, K® 498
n 549

= SU(3)-flavour is not a very good symmetry

An Najah University, Nablus, Palestine, November 2018
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Sketch of the symmetry :

Mass (MeV)

1400
1200

1000

800

600

400

200

= Fif’ + éih: + NIelm
baryons, ‘J,P?t strangeness Electric charge
meésons, J'F
T — Pt o Y i
Baryon 1/2+. .. A T A0
— 0T I, s
B=1 “'L«. ______________ P
 — e 0
méson 0 - ‘-‘—.::’_‘.'_'.:-_-_-._.‘.T K*
I K KO
B=0 s
) — 7f. .g_::::iﬁﬁiiiii__ 0
SU(2)-isospin conserved  SU(2)-isospin broken
SU(3)-flavour broken SU(3)-flavour broken
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But are those quarks just artificial mathematical concepts or are they real ¢

Evidence for internal substructure:
weak decrease with g?

ep>eX (X=pnm,..) Q*=—q° \

Deep Inelastic Scattering (DIS)

2 _ |2 9
Wo =M=, +ay <% = T I | |
- g 4‘7; . Wod) W20 eV i _
e O —  J0dE ' ) ]
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H1 Run 122145 Event 69506

Date 19/09/1995

Q* = 25030 GeV? y=0.56, M = 211 GeV

g

p (~820 GeV

———




In 1969 : evidence for the existence of quarks inside the proton

... In fact more quarks were discovered soon after

1974 SLAC (e*e collider) and Brookhaven (p on a Be target )

Discovery of a resonance : m~ 3.1 GeV, 1~10% s

observed both in hadronic and electronic final state

J/WV (cc) -
SOQ0 SLAC
2000 :-' o
o060 i | hadronic final state ;
500 F f ’:. i §
= 1Co : Y. .
e
S0 i -+ |
~ "'"
el ! -
3.10 3.12 3.14
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40t

ey

T

Brookhaven
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1977 Fermilab : discovery of the Y serie
m ~ 9.5-10.5 GeV, bb resonances

Excess wider than the experimental

. i&
resolution = several resonances <\_§\
B factories : Y(4S) decays into a B°B° ou B*B- S
oair (CLEO, BaBar, BELLE) S
25 . T . . . "
: S
= b 2000 ..... L 5
Nt =
A bl%’
oo ¢ ol E
T 2 ©
w PP Fy
N SRR B A
b [ bay b Ladtgy
: .-lal(l.S) | - -.Isl(zs) " Ihls(gS). | - PR L M PR " " PR 'gb
8.44 946 10.00 10.02 1034 1037 1054 10.58 10.62
Mass (GeV/c")
At LEP (1990) , experimental evidence for B-mesons and
B-baryons and first studies of their properties
2000 : Tevatron Fermilab 0

An Najah University, Nablus, Palestine, Novemk

2010 : LHCb
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a)
Pt NUCLEUS = +ANY THIB
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O popt
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and ... the 6th quark !

— data

1995 Fermilab (USA) CDF et DO experiments

Top Mass Distribution
6T T

Top is very heavy (40x b) = it decays before it

hadronizes ICHEP Conf July 2006
L % 4 il
N 1 —LEP1 and SLD S
GL 80.5 - LEP2 and Tevatron (prel.) %
- % CL g 2 i
Ve _ 68% 2
W+ / ~
D
t 4 b G 804 . Baokground zoo
@ N Fitted Mass  (GeV/c?)
| CDF |
80.31 2
[B) 2 -
- 1 2 Backgrounc
| 1 Yo 3 o i
150 175 200 3
l_ , —
m, [GeV] 11
. N Y }

0
80 120 160 200 240 280
Reconstructed Mass  (GeV/c?)

An Najah University, Nablus, Palestine, November 2018 26



Up Quark Charm Quark Top Quark

~0.002 GeV 1.25 GeV 175 GeV
@
‘ quarks
o O
Down Quark Strange Quark Bottom Quark
~0.005 GeV ~0.095 GeV 4.2 GeV

15t family 2nd family 3rd family
Very different masses ... no explanation why !

The top quark cannot hadronize
The decay <« m°> = extremely short lifetime
Hadronization time ~10-23s

= no top hadrons

An Najah University, Nablus, Palestine, November 2018 27



A lot of possible hadrons, most of them have been discovered but not all of
them !

A baryon made of (ccu) : =+

u > - u U180 T T
c > > c Az' ; LHCb 13 TeV
d < 160
s < g + Data
ce u}ﬂ'+ ' 140 Tot:
<:: u b — Total
’U,} _ Q' 120 ... Signal
C > > S K £ , +
%u X Z 100 ---Background P E
S oob gul P T
40F } f
20
. . . 1 L i i i 1 -l".: M ‘."r. N L "
First baryon containing two heavy (c or b) 0™3500 3600 3700

quarks m, (Z.) [MeV/c?]

= very interesting tool for testing the
strong interaction



Mesons, baryons ... and more ?

'"MH“"

mesons

Yes : tetraquarks and pentaquarks

Discovered only in 2014 — 2015 |
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Color and

QCD

An Najah University, Nablus, Palestine, November 2018
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QCD : the color

3 identical quarks all spin up

Pauli exclusion principle

- color

AT e Tup T ) SR =372

strangeness

w
[l

- SU(3)

iﬂémhmﬁt—

charge for the strong interaction : colour charge

SU(3) :32-1 = 8 generators = 8 gluons vector particles of the strong interaction
quarks carry a colour charge (R, G or B)

the colour exchange takes place through 8 bicoloured gluons

Confinement : only white hadrons

An Najah University, Nablus, Palestine, November 2018 31



Experimental evidence : the R ratio

e- q
'\,"XI‘J\," R — ole c: -—) ha{rsz.S') _ chqiz
clee = u u) ,.
e+ el

o(e*e” — hadrons) ; (1}2 (2)2 (1)2 (2)2 (1)21 11
R = =N S =N |=| +|=| +|=| +|=]| +|=]| |=N.—
olee” > u i) CZ([’ C( 3 3 3 3 3 9

® Orsa
T Y

o w
- |
3y
<

8 ® Frascati 0 CELLO —
& Novosibirsk X JADE
N x SLAC-LBL + MARK J
U+d+S+C+b © DASP v PLUTO
6l H‘ » CLEO A TASSO |
N | & DHHM
|

R -1 s b |

¢ b u+d+s+c
2 no color

Uy utdys -

‘ |
4] 1 Il 1 1 I 1 1 L 1 l 1 | 1 1 l 1 1 1 1 l L L 1 1 l L 1 1 1 | 1 1 1 1 I Il i 1 bl
5 30 35 40

0 5 10 15 20 2
. . . {GeV).
An Najah University, Nablus P?Ies\fme Navembe
Fig. 113 Ratio R of (11.6) as a fu{'nctjon of the tota}/' e‘ea” center-of-mass energy. ?ﬁ]e | arprpga(?égorrespond to the production of narrov

1~ resonances just below or near the flavor thresholds.)

cm
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QCD is the theory based on colour-SU(3) which describes the
strong interaction :

Proton description :

_5 | Atthis vertex the BR gluon transforms the
B—R (removing the B, leaving the R which

is equilibrated by the R)

(U — >

R R annihilate, the B
remains. R - B

\ d

The proton is a mixture of : uyugdy, UpUsdy, Uglsdy, ...
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QED :

e \/a g \focﬁ R B
, RB
Vo Yoo 4B :
8 gluons :
1 photon:  massless

* massless
 electrically neutral

colored
\

gluon self-interaction

Does not exist

An !{ajah University, Nablus, Palestine, November 2018
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ns : number of flavours
Inthe SM (- 2L +11) > 0

QED : : QCD :
|
a(u?) : a,(1?)
a(Q?) = 5 4 5 L as(Q%) = 2 ) 2
1+a(u ) log(g—z) : 1+a548; )<—%+11) log(lQl—2>
[
. : q q
NWW modified by : >WWM‘< modified by
|
: q q
I
: q g
e- e- q q
e : g j ﬁ :
n [
"O\' I q
e’ : q q q q
c- e- I
|
|
|
[
!
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QED :

Q2 ~ A? strong coupling pM
Q2>> A? weak coupling perturbations

non intuitive!l

i
I
a(QZ): C((,le) : a (QZ)_ as(.uz)
a(u?) 4 Q2 S ag(u?) (_ 2ng ) Q2
oQ? : n=6
(@) high energy low energy : o,(Q2?) f
c : high energy low energy
8 I
5 : confinement wall
Lév : o >1
o | asymptotic
s : freedom A(~ 100 MeV)
Q
W37 pmmmmm - - == R : 1fm ‘
distance : A distance
|
|
I
I
|
|
|
|
I
I

I .
An Najah University, Nablus, Palegi%)el,qzlgvgr%k%ﬁd&ement 36
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QED : QCD:

Evolution of 1/a as a function of E Evolution of o, as a function of E

| efeT—eTe” LE P

1lu=constant=137.04

I
1
I
I
I
I
I
I
I
I
i I
I Sept. 2013
135 | ] aS(Q) v T decays (N3LO)
1 ® Lattice QCD (NNLO)
I a DIS jets (NLO)
i I 03¢ 0 Heavy Quarkonia (NLO)
2 I I o e'e jets & shapes (res. NNLO)
- 130 I ® Z pole fit (N3LO)
I I v pp —> jets (NLO)
. : 02}
% 4  1.81GeV? < -Q° < 6.07GeV’ OPA I
O @ 210GeV < O <628GeV’ L3 l
125 1M 12.25GeV’ < -QF < 3434GeV L3 l
[ [ ]  1800GeV” < -Q° < 21600GeV* L3 I 01 2
QD e @) |
= ' 3 : : = QCD ocs(lMZ) =0.1185+ OI.OOO6 |
1 10 10 10 10 1 10 100 1000
' Q [GeV]
2 2 l
-Q° (GeVY) |
I
When the energy increases (the When the energy increases (the

distance decreases) a increases University, Nablus, Palestinedlistaneeodecreases) o, decreases 37



First experimental evidence of 3 jets events : 1979 at PETRA e+e- collider (\Vs= 31 GeV) at
DESY

glmsmsmpanans Sames Memmeu g ammmn gm=m=cs Sanss m=nas Gluon radiation probability « ag

/qZ A — o 0 measurement

0 Jet 2
Jet 1 3

EIllil.\ - 0[
2 Jet 3 Epig

TASSO

gluon spin =0

. sin &, —sin @
sin ¢ = 2 3

sin 6,

) Gluon spin measurement

0 02 04 06 08
cos ¢
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Ol measurements

evolved from the energy where they are performed to the Z mass

- —— :
T-decays %o—-
Lattice o
DIS O |
ete” annihilation —+—or
Z. pole fits l—i-o—l

PPN BN (PP TR

M |
0.11 0.12 0.13

An Najah University, Nablus, Palestine,
November 2018
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The measurement of oy is very important : LHC phenomenology
Example : the Higgs is produced by gluon-gluon fusion

oy~ al= Aaﬁ =2 % (in fact it is even worse due to higher order corrections)
H s
Ecum o d(theory) 5(PDF) d(as)
0.04pb ,+4.06% 0.04pb +3.36%
2TeV  110pb  Tooebb(TA96%)  +0.03 pb (£ 3.17%) | o oun(T325%)

+0.74pb (+4.41% +0.45pb (42.67%
7TeV 16.85pb T o (Tgos) =+ 0.32 pb (£ 1.89%) | “oysrn(Dogeo)

+0.95pb /+4.43% +0.57pb /1 +2.65%
8TeV 21.42pb Ty e (Tgoos) £ 040 pb (& 1.87%) | Zo5epn (D5 6a00)

+2.22pb (+4.56% +1.27pb (+2.61%
13 TeV 4858 pb 735070 (Tga) & 0.90 pb (£ 1.86%) | 15500 (T575s9)

14 TeV  54.67pb  F5or By (Fg33%)  +1.02 pb (+ 1.86%) | F1iPn(F280%)

Table 10: Gluon-fusion Higgs cross-section at a proton-proton collider for various values of the
collision energy.

From arXiv:1602.00695v1

An Najah University, Nablus, Palestine,
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. B 0,s(Q?)
e’ e %qq high energy low energy

e- q confinement wall

y ol > 1
VWUV asymptotic
freedom A(~ 100 MeV)
et a
q 1fm ‘
A distance

Q2 ~ A? strong coupling perturbatons
but quarks are colored
Q2>> A? weak coupling perturbations

- not observed directly

« The stronginteraction coupling constant is too large beyond 1 fm
(pertubative theory breaks down)

* Models needed for quarks — hadrons
An Najah University, Nablus, Palestine, November 2018 41



Hadronization model

qq production at e+ e- colliders

e+
—
Initial collision (elm int)

(computable)

hadronization
+ (models needed)

An Najah University, Nablus, Palestine, November 2018
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Hadronization model qq production at LHC

14 TeV 100 GeV 1 GeV
° e o 1T
parton o
distribution ® ® o -1
functi
unctions s o |1, o
T n
® ® =
®
®
[ ¢ ——
o initial state ® N A
O ® showers
)
! n
QCD (calculable) hadronization (models

An Najah University, Nablus, Palestine, Novem bQQ@@Ied)



s ALEPH DALI Run=15768 Evt=5906

LEP (~ 1990)
eterpeams perpendicular to the page



Run=15768 Evt=5906

# ALEPH oo




Strong interaction in summary

Very interesting per se

1.0 T s
N [
perturbative QCD %&x& strong QCD

0.8 .,
L

=

nucleon radius

T
distance [m]
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Back-up slides



1955 Walker et al
(Berkeley)

Tracks coming from
the KO

Pair production

F1G. 1. A" production in a « = r collision, Track A is the
incoming =~ meson which disappears in flight. Direct measure-
ments on this track give a momentum between 1,05 and 1.3 Bev/e.
The adjacent »~ meson which crosses the chamber has a mo-
mentum of 1.1440.10 Bev/c. Tracks B and C are the decay
products of a A% Track C is short but momentum measurements
%\ve a momentum of less than 100 Mev/c and a negative sign.

acks 2 and £ are the »~ and »™" mesons from the decay of the
. Measurements on the »* meson give 15348 Mev/c for the
momentum.

November 2018
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And in 2006 :
Measurement of the Spin of the ()~ Hyperon at BABAR
Z~2>QKand Q 2AK

lmo‘lll[llll T T | L [reryrrrryTTTT T TTTTTL

2
)

ENUriesv.L
—
R
~
N
1 l| 1

f 8 E
™~
T
+I

Entries/0.2

+
NG
1

+

I A |

ll\Jll=lsl(lellllllllllllll l l l

08 06 04 02 -0 02 04 06 08 1
COSO(A)

2
Ll B

T3 06 04 03002 64 06 08 1
cosf,; (A)

In conclusion, the angular distributions of the decay

products of the Q= baryon resulting from Z2 and QY

decays are well-described by a function o (1 + 3cos?6y,).

These observations are consistent with spin assignments
1/2 for the =0 and the QY. and 3/2 for the Q. Values

&
of 1/2 and greater than 3/2 for the spin of the Q™ yield
C.L. values significantly less than 1% when spin 1/2 is

) 49
assumed for the parent charm baryon.



Gell-Man & Zweig : multiquarks objects are possible

Volume 8, number 3

PHYSICS LETTERS

1 February 1964

If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "eightfold way' =9/, we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical ""bootstrap' model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

baryons : gqgqqq

99 99

mesons :

A SCHEMATIC MODEL OF BARYONS AND MESONS

*

M.GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

ber nt - ng would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin % and

z = -1, so that the four particles d-, s~, u® and b°
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -3, and baryon number ;.
We then refer to the members u3, d-3, and s-3 of
the triplet as "quarks" 6) g and the members of the
anti-triplet as anti-quarks g. Baryons can now be
constructed from quarks by using the combinations
(qaq), (@qaqd), etc., while mesons are made out
of (qd), (qqqgq), etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.

AN SU3 MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING

#*
G.Zweig
CERN

Both mesons and baryons are cougbructed from a set
vy
of three fundamentel particles called s&ces. The aces

break up into an  igespin doublet and Lach ace

carries baryon number % and ig conseguently fractionally
chargod.  SUs (but not the Bighifold Way) is adopted as
a higher symmetry for the strong inleractions, The break—
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Ny » J/PpK decays (2015)

0; B I T L} T L} I T L] L L I L] T L] T I T T L L I L] I-
> 26 -
3 7000F | | S I -
(0] — e - -
=""F  LHob o241 E
< 6000F 2 F ]
-~ = ) L -
£ 5000 S oo —
o - B -
o 4000 - 7
3000 20T -
2000 - .
1000F 181 -
% 5500 5700 o .
1 6 | I S T S [T N TR T S AT ST Y TR SN NN T S T T | L
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A pentaquark ?

short-lived ~10-23s resonances:
mass peaks

angular distributions (unique JP %uantum numbers
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Analysis with all what is known :

—a— data
S 5000 t —e— total fit Da‘ta
background
~— 1800 : (a) LHCb ---!--- A(1405)

Fit

. 2 2.2 2.4 26 4 2.2 44 46 48 5
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Adding 2 P, states:

—a— data
= 2000 * —e— total fit
background
Te} a
= 1800 ¢ @ LHCb —a— P,(4450)
> ' —=— P_(4300)
£ 1600F- & --<-- A(1405)
) i -3-- A(1520)
m O < A(1600)
1200 ¢ e A(1670)
: < A(1690)
1000 in --3%-- A(1800)
;! -gre- A(1810)
800F- ’,'3. cetene A(1820)
soob- & —ow-- A(1830)
. <ok A(1890)
400 <-i-- A(2100)

A(2110)

Mass (MeV)

eV)
2
(=]

Events/(15 M

~
o
(=]

[e2]
o
(=]

o
o
(=)

Data

Fit

53

4380+8+29 205+18+86 8.4+0.7+4.2

4449.8+1.7+25 39+5+19

4.1+0.5+1 .1

JP=(3/2-, 5/2%)

2015 result

Possible layout of the quarks in a pentaquark particle. The five quarks might be tightly
bound (left). They might also be assembled into a meson (one quark and one
antiquark) and a baryon (three quarks), weakly bound together (Image: Daniel
Dominguez)



But also a tetraquark ! Belle, BaBar, LHCb

BO->¢'n-K+, peak in m(p'n-), charged charmonium state must be exotic, not dg

)

V2

Candidates / ( 0.2 Ge

1000k

500

T T I T L] T I T L] T

-@- data

—— total fit --+-- total fit with no Z(4430)

—— Z(4430) excluded
K (892)

—— Z(4430)

—— K S-wave

—— K,(1430)

—e— background

K (1680)

K (1410)

JP=1+

PRL 112 (2014) 222002

O 1 o " " T " " T " T 1 ]

>
16 18 20 - [2(2}6\7 » % | LHCb ]
y'n -2 2000 <m?, <18GeV? .
First observed by Belle in 2008 E 0| -
LHCb ruled out other possibilities in 2014 I ]
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Differential cross section for unpolarized electron on an unpolarized nucleon :

) 71
do a“ cos“76

AQAE' ~ 4E? gin*lg

[Wz + 2W, tanz%é]
W, and W, depend upon Q2 and v

V= Ei —Ef of

Structure functions (depend on the
the electron

target properties)
At small values of 6, study the cross section

Bjorken scaling : at high energies quarks evolve freely in the proton
+ 6° o |8°

x 10° a 26°

V W2 0.5 T T T T T T T e_

Z::,: +~°4¢*4¢* #% +:, %:
0.2 - _ - PP

ol | i .

7

0 1 | 1 | 1 | 1
0 2 4 6 8

q° (Gev/c)? _
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Data / Theory

-
o

Inclusive jet production fastNLO

. A http/iprojects.hepforge.orgffastniol
- in hadron-induced processes
| *

H“(xmo) vs=200Gev PP

’ | * STAR cone 02<Inl<0.8

DIS

#-(<800) ewav H1 k. Q2 from 150 to 5000 GeV?
ooaee ZEUS k; Q% from 125 to 5000 GeV?
o g4t (x 350)
: i emavo H1 k. Q% from 150 to 5000 GeV*
- s = 546 GeV ooses ZEUS k, Q° from 125 to 5000 GeV>

(x 150) b
| o CDF cone 0.1 <Inl<0.7 - ar
- s =630 GeV ﬂ % % PP
[ e D@ cone 0.0<In|<0.5W (x 50)

[ Vs=1.8TeV

o CDF cone 0.1<Inl<0.7
® D@ cone 00<Inl<05
| Vs =1.96 TeV

4 CDF k; 01<lyl<07
0 CDF cone 01<lyl<0.7
® D@ cone 00<lyl<04

F Ns=318GeV

Vs =2.76 TeV . NEEEE: ?ﬁ

o ATLAS anti-k; R=0.6
4 1yl <03

4 ATLAS anti-k; R=0. § .
Ns=TTeV g g pr ot TP L]

o ATLAS anti-k, R=0.6 lyl <03
v ATLAS anti-k; R=0.4 lyl<0.3
o CMS anti-k; R=0.7 lyl <0.5
e CMS anti-k; R=05 lyl<05

all pQCD calculations using NLOJET++ with fastNLO:
a(M,)=0.118 | MSTW2008 PDFs | pg=pe =P
NLO plus non-perturbative corrections | pp, pp: incl. threshold corrections (2-loop)
[ | IIIIII| | | IIIlIl| | | IlIIII| |

€102 Jequiaides

ojuisey/bio-abioydey seloid/ dyy woly paureiqo aq ued ainbyy siuy) JO UOISIaN 1S8je| 8y
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real gluon
emission

T (o)
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J/y decay : c

— D
1/ u forbidden :
hd u m(J/y)<2 m(DO)
C C
c hadrons P
C e u
>vaw‘<
C < S
hadrons
[~70 keV ['(ee)~5 keV
I(uu)~5 keV

Decay through strong interaction is heavily suppressed

- decay through QED starts to be competitive

An Najah University, Nablus, Palestine,
November 2018
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QED : QCD:

e Vo q \/& R B
% Y RB
\jO(, © \/as 9 B R
1 photon :

* massless
 electrically neutral

8 gluons :
e massless
e colored

gluon self-interaction
SU(3) is a non abelian group

Both theories should be renormalizable

An Najah University, Nablus, Palestine, Ng




Di-jets events at the LHC : search for NP

0.15

0.1

0.05

.[ Ldt=36po’Ns=7 Tey @ 20<m,<B00GeV
800<m_<1200 GeV (+0.04)—]

1200<r?1ﬁ<1 600 GeV (+0.08)-
O 1600<m <2000 GeV (+0.12)]
@ m>2000 GeV (+0.18)

— QCD Prediction
[ Theoretical Uncertainties
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u D [ Total Systematics
SO
X I :
T oo 5]
Z_T—A——a—.—-—.—-——-—-—n——t-'—""_‘__:
S S
o -
C\ . ..., ATLAS 7
1 10
ly -y |
X =e 172

o llnE—i—pz
=32 E—p,
no ...
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But ....

mt 0 140 MeV D %t 938 MeV
0 0 135 n % 940

K= 0 49 A % 1160
KO,KC 0 498 >+ % 1189

N 0 549 O ¥ 1192

n 0 958 > % 1197

ot p0 1- 770 =0 % 1315

o 1- 783 = % 1321

K 1= 892 Q 32" 1672

) 1- 1020

The masses in a given multiplet are quite different ...
= SU(3)-flavour is not a very good symmetry
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