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. LHC - Higgs discovery

— Nostro figlio sta cambiando una lam-
padina... E’ meraviglioso quello che inse-
gnano all’'universita, al giorno d’oggi...
"Our son is changing a light bulb... What they
teach at university nowadays is wonderful..."



These slides have many sources (lectures
in our + other Department(s), textbooks,
seminars, ...); many thanks to everybody,
but all the mistakes are my own
responsibility;

download from http://www.romal.infn
.it/people/bagnaia/particle physics.html|

comments and criticism to
paolo.bagnaia@romal.infn.it (please !)

they are only meant to help you follow
the lectures (and remember the items);

i.e. NOT enough for the exam; students
are also required to study on textbook(s)
/ original papers (see references);

the original literature is always quoted;
sometimes those papers offer a
beautiful example of clarity; however,
particularly in recent vyears, their

technical level is difficult, probably more
at PhD student level, than for an
elementary presentation (i.e. you);

however, students are  strongly
encouraged to attack the real stuff:
these lectures are NOT meant for
amateurs or interested public (which are
welcome), but for future professionals !

Thanks !!!
Enjoy them !!!
PB

u -


http://www.roma1.infn.it/people/bagnaia/particle_physics.html
http://www.roma1.infn.it/people/bagnaia/particle_physics.html
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References

W. E. Burcham - M. Jobes — Nuclear
and Particle Physics — Wiley — 768 pag.
[clear, well-organized, old];

Yorikiyo Nagashima - Elementary
Particle Physics — Wiley VCH — 3 vol.
[clear, modern, complete, very expensive];

A.Bettini - Introduction to Elementary
Particle Physics [another textbook];

B.R.Martin, G.Shaw — Particle Physics
[ditto];

[Perkins] D.Perkins - Introduction to High Energy

[Povh]

[Thoms]

[CG]

Physics, 4th ed. [ditto];

Povh, Rith, Scholz, Zetsche - Particles
and Nuclei [ditto, simpler];

M. Thomson — Modern Particle Physics
[ditto];

R.Cahn, G.Goldhaber - The
experimental foundation of particle
physics [a collection of original papers +
explanation, the  main  source  for
experiments];

[FNSN1] C.Dionisi, E.Longo - Fisica Nucleare e

Subnucleare 1 — Dispense del corso [in
Italian, download it from our web — you are
requested to know them];

[MQR] L.Maiani - O.Benhar - Meccanica
Quantistica Relativistica [in /Italian, the
theory lectures of the previous semester];

[1E] L.Maiani - Interazioni elettrodeboli
[ditto];

[PDG] The Review of Particle Physics — latest:
M. Tanabashi et al. (Particle Data
Group), Phys. Rev. D 98, 030001 (2018)

[the bible; everything there, but more a
reference, than a textbook, i.e. hard for
newcomers];

[original] Original papers are quoted in the slides
[try to read (some of) them — help by [CG]].

guoted as [book, chapter] or [book, page];

e.qg. [BJ, § 4] : Burcham-Jobes, § 4.
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Symbols

(in the upper left corner) this is "QM" : Quantum Mechanics;

Ui page n of a total of m pages : "SM" : Standard Model; here and there,
read them all together; the name and the history behind is

' _ explained;
IZ:::ZI (in the wupper right corner) . . _
optional material; e "bSM" : beyond Standard Model, i.e.

the (until now unsuccessful) attempts

% (in the upper right corner) tool, to extend it, e.g. SUSY;

used also in other chapters; e (h =c=1) whenever possible; i.e. mass,
momentum and energy in MeV or GeV.

summary; * m: scalar, E : component of a vector;
e P : operator;
* animation (ppt/pptx only); e V:3-vector,v=(x,Y, z);
e p:4-vector,p=(E p,, p, p,) = (E, p);
@ reference to a paper / textbook; p P P Py pz' _ p
[if textbook, you are requested to read it; * if worth, the module is indicated
if paper, try (at least some of) them]; p=(E, py Py, Py m) = (E, p; m);

e if irrelevant, the last component of a 3-

> ________ < in Feynman diagrams, time goes or 4-vector is skipped : p = (E, p,, py)
~_ 3| always left to right; = (E, p., p.; M)
I xX? yI *
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We have also this room on tue 14-16:

« not for independent lectures (too
much);

« problems, exercises, ...

« long questions from you, e.g. if you
feel you need something you should
know, but actually don't (relativistic

> mon (lun) 12-14 kinematics ?)
> tue (mar) 11-13
> wed (mer) 11-13
> thu (gio) 12-14

Lecture time — aula Careri

[not ideal but acceptable]



pad

©

questions [by me] and answers
[possibly by youl];

15t question known few days in advance
by email [I'll choose randomly, with a
little bias];

if theoretician or experimentalist, you
may [or may not] tell me [I'll use it];

let me also know curriculum type (e.g.
phenomenology, electronics, medical
physics) [I'll apply a stronger bias];
other rules after discussion and
experiment [I'm an experimentalist].




Starting with 2017-2018 (one year ago),
these lectures are delivered in English.

No problem, we all know and love the
Shakespeare idiom [needless to say, we
love Italian and Roman too].

As a minor consequence, the name of
the course has changed — it was "Fisica
Nucleare e SubNucleare 2".

Apart from name and language, no
major change [/ would love to improve,
come and discuss your ideas with me].

Past years’ students don’t have to
worry: students are officially bound
(really) to the rules of the year of their
registration (anno di immatricolazione).
They only have to be careful with the
registration(s), i.e. the INFOSTUD stuff.

e The exam (both this and past years’

students) will be in Italian or English, at
your choice.

e During the lecture, questions and

comments in the language as you like. |
will start answering by translating them
into English.




Let's start




Prologue

The present understanding of our world,
in terms of its constituents and
interactions, is much advanced:

» fermions (quarks/leptons) = matter:

> "families" of doublets + antiparticles;
> Spin 7;

> massive (large differences in mass);
> charge £%, £, 0, +1;

e bosons = forces:

> spin 1;

> massless (y, g) or massive (W%, Z);
> charged (W*) or neutral (y, g, 2);
> some self-coupled;

* the mysterious Higgs bason carries the t_ 1ese !:c\_u ‘eSS
particle masses.
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Prologue: twenty orders of magnitude

c=2.998x108 ms1l >
3x10°s"="1m

‘I these lectures

hc = 197.3 MeV fm >
2x10%8 eV "="101m

Log,, d (m)
| |

A

Log,, E,p (eV)
| | |

v

Logy, t (s)
T T

bacteria
0.5-5 um,
cells
1-100 pm
wo/men, visible light
dogs, cats, A=380-750

x10°m

molecules,
atoms
>1019m

W+, Z, H
80-130 GeV

nuclei
>101m

E = 3x10%0 eV
(highest energy

ever, University
of Utah's Fly's
Eye Cosmic Ray

Detector, 1991).

space |
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In these lectures, many phenomena.
Consider the typical (rough) size/time/
energy of the processes:

e lifetimes are measured in the rest
system of the particles, i.e. in (nano-)s;

* the corresponding distance is the
average space traveled by a particle
with By=1 before decaying;

e the uncertainty principle relates a
width to a lifetime: it is the fluctuation
of the particle rest energy (= mass);

 f(Q?) deserves an explanation:
sometimes the size of a particle is
inferred "a la Rutherford", by a
scattering experiment [see chapter 2]
(only limits for g's and €'s: pointlike ?);

e the width of the Higgs boson (H) has
not (yet ?) been measured and comes
from theory.

| Prologue: the realm of elementary particles

K* AL * lifetime
* f(Q?)
K KS °  Jyo p
[ J [ ] [ ] [} [ ] [ ]
W T P e
(H)
[
Log,, distance (fm)
I I I I I I I
20 15 10 5 0 -5 -15
Log,, energy (GeV)
I I I I I I I
-20 -15 -10 -5 0 5 10
Log,, time (ns)
| | | | | | |
5 0 -5 -10 -15 -20 -25

Do NOT panic: you are supposed to fully understand this plot

only at the end of the lectures. Every single point in the figure
will be carefully explained.
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Discovery range is limited by available
data, i.e. by instruments and resources
(an always improved microscope).

The true variable is the resolving
power [r.p.] of our microscope.

From QM, r.p. oc \Q2 [i.e. o« Vs, the CM
energy [what ? why ? see § 2].

For non point-like objects, replace Vs
with the CM energy at component
level, called Vs (V5 < s).

In the last half a century, the physicists
have been able to gain a factor 10 in
Vs (i.e. a factor ten in the quality of the
microscope) every 10 years (see the
"Livingston plot").

Hope it will continue like that, but
needs IDEAS, since not many SSS (or
€€€) will be available.

10% E
s / s —
(GeV) [ Livingston plot LHC. CLIC o
103 F ILC o
Tevatron e
o LEP2

102 SPPS e LEP1e

c o Tristan

PETRA «
Fermilab.S « PEP
o CESR

10t g 7 ISRe . Spear2 e ete (circ./lin.)

- e Doris .

[ ps Spe?wdone e p fix target

- °

o VEP-2 |c_>p

100 F < ACO ® pp

e AdA

- e VEP-1
101 ! ! ! ! ! !

1960 1970 1980 1990 2000 2010 2020

year of first collision




e The name SM (not a fancy name)

designates
Electromagnetic,

the

interactions.

theory
Weak and Strong

of the

e The theory has grown in time, the
name went together.

e The development of the SM

is a

complicated interplay between new

ideas and measurements.
~1900

;

* Many theoreticians have contributed :
since the G-S-W model is at the core of
the SM, it is common to quote them as

the main authors.

* The
evolution
connections, approximations,

may

help

little scheme [BJ] of its time

(missing

)

5

[~1950> |~2ooo>

Quantum
theories

A 4

)

Weak
interactions

Relativity } [
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few subjects, well known, but
[skip next pages, if you can afford it]:

* the cross section c;
e excited states (resonances);
e Gauss distribution.

* measurements:
> spectrometers;
> calorimeters;

> particle id;



P
F/VS/V.Z p / dQ
33

N,

\ J

A beam of N, particles is sent against a

thin layer of thickness d€, containing dN,
scattering centers in a volume V ("target",

density n, = dN,/d V).
The number of scattered particles dN, is:
dN, oc Ny n,d€& = dN, =N, n, o, de

the number of particles left after a finite
length € is

N, (€) = N, (0) exp(— n, o, £).

Paolo Bagnaia - PP - 00

the cross section o

S

The parameter o is the total cross section
between the particles of the beam and
those of the target; it can be interpreted
as the probability of an interaction when a
single projectile enters in a region of unit
volume containing a single target.

If many exclusive processes may happen
(simplest case : elastic or inelastic), o is
the sum of many o, one for each process:

+ O,

Or = ZJ GJ [e'g' 6r=0 melastic];

elastic

in this case o; is proportional to the

probability of process j.

Common differential do/d... 's:

do _ dch depggd%nce « 1 do .
dQ  dcosOdo "2mdcos0’
do d’c d’c 1 d’o

— = = —_— — ’
dp dp,dpdp, p.dp.dp,de  mdpidp,
+ others.

16
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the cross section o: o.

In a process (a b — ¢ X), assume:

e we are only interested in and not in
the rest of the final state [“X“],

e "c" can be a single particle (e.g. W+, Z,
Higgs) or a system (e.g. '™ ).

Define:

|ncIuS|ve(ab — CX) z exclusive(ab_)cxk)'
where the sum runs on all the exclusive
processes which in the final state contain
"c" anything else [define also

c" o+
do. /dQ wrt angles of "c", etc.].

inclusive

The word inclusive may be explicit or
implicit from the context. E.g., "the cross-
section for Higgs production at LHC" is
obviously o, (pp — HX).

inclusive
From the definition, if c.

P

C

inclusive << Gtotal :

= probability of "c" in the final state =

= Glncluswe(ab — CX) / Gtotal(ab)'

Paolo Bagnaia - PP - 00
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inclusive

Instead, if "c" is common:

(n=<number of "c" in the final state> =
=c ab —> cX) / Gyorai(ab).

|ncIu5|ve(

e.g.
Oiges(LHC, 8 TeV)

= Gind(pp—>HX,\/s=8 TeV)=
~22.3 pb;

Gyora(PP, Vs = 8 TeV) = 101.7 £ 2.9 mbj;
— Piges(LHC) ~ 2 x 10710;

[§ LHC]
Gina(PP = X, pas=24 GeV) =53.5+3.1 mb;
Giotal(PP, PLas=24 GeV) = 38.9 mb;
— (n_(pp, p ag=24 GeV)) ~1.37
[V.Blobel et al. - Nucl. Phys., B69 (1974) 454].

Mutatis mutandis, define
 "inclusive width" T'(A — BX);
* "inclusive BR" BR(A — BX).




“’2?@

N, N, : particles in beam(b) / target(t);
V : volume element;
* n,, n, :density of particles [= dN, ,/d}];

the rule is THE essential connection

A : velocity of incident particles; :
(experiment <> theory);

: flux of incident particles [= n, v,]; :
experiments measure event numbers —

: 4-mom. of scattered particles;

: . ’ cross-sections;
: density of final states; "% theories predict matrix elements —
: . cross-sections;

: matrix element between i—f state;
when we check a prediction, we are

actually applying the rule;
: rate of process [= (dN/dt) / (N,N,)]. properly normalized, the rule is valid also
for differential cases (i.e. do/dk, d9#/dk,

Fermi second dW/dk), where k is any kinematical
variable, e.g. cos0].

: number of events / time [= ¢N,G];

golden rule

(E)_dn(E) Vanp?
de'  v'Q2mA)’’

" dN 1 ¢No v,o

CdtNN, NN,V
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Consider N (N large) unstable particles : +0
e independent decays; 0.81 Tf(t)
e decay probability time-independent (e.g. 06
no internal structure, like a timer);
Then : 0.4
1
dN=-NI'dt; I'=—=const. = 0.2+
T
_ Tt _ —-t/1
N(t)=N,e" =N, e . 1.00
The pdf of the decay for a single particle is 0.50 1
- f(t)
jowf(t)dtzl :>[ f(t):_e—t/r' J 0.20 +
E 0.10
e average decay time : (Z tj)/n =<t>= 0.05 4
* |likelihood estimate of T, 0-02-
after n decays observed : t* = <t>. 0.01 | | |
0 2 4 6 8

t/t
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If T is small, the energy at rest (= mass) of a
state is not unique (= 0p,..), but may vary

Excited states : Breit-Wigner

S

The curve (1 + x?)1is called "Lorentzian" or
"Cauchy" in math and "Breit-Wigner" in

physics; it describes a RESONANCE and
appears in many other phenomena:

as f(E) around the nominal value Eo=m:

Define wy(t<0) = 0; y(t=0) = yo;

width T [unstable] ;  forced mechanical oscillations;

e electric circuits;

W(t) — \ljoe(—im—F/Z)t;
, , e e accelerators;
wit) =|w,[ e’ ‘\VO‘ € .
~ 1 L
fE) =|wE)N —‘wo‘ e fE)/f(E=E,)
2 (E—E,) +I°/4 1.0
Breit-Wigner,
0.8 normalized to 1
FWHM =T
7
- 1 ¢~ | Ny, 0.6
WE=——| e y(t)dt = 2 -
0.4
1 = -i(Eo—iT/2)t
=——| e e’ dt=
\/ﬁ' o 0.2
W, -1 Rz i(E—E,)+I/2
" V2mi(E—E,)-T/2 21 (E—E,)' +T/4 Tar T o T
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Cauchy (or Lorentz, or BW) distribution :

[f(X) ~BWldxo)= Tclv (x _XV)Z +y° ;]

* median = mode = Xx,;

e mean = math undefined [but use x,];

 variance = really undefined [divergent]

This anomaly is due to
(x)= f:xf(x)dx = 00
<x2> = jj:xzf(x)dx = o0

The anomaly does NOT conflict with
physics : the BW is an approximation valid
only if y << x, and in the proximity of x,
e.g. in case of an excited state (mass m,
width T'), for (I'<<m) and (|+/s-m| < few
I's).

1.0
0.8 BWx(my)
2y
0.4
0.2
0.0
-4y -2y 0 2y 4y
(X-xo)
The "relativistic BW" is usually defined as
2 2
X properly
BWre'(Xlxo'y): 2 zoi 2.2 |: li d}.
(x _Xo) +x2y? [ Lnormalize

The formula comes from the requirement
to be Lorentz invariant [see Berends et al.,
CERN 89-08, vol 1].



Resonance : o, X
s (2);+1) r.T,

(@5, 1)@+ 1) (e m, | + T

N L

\

From first principles of

QM ([FNSN1], [BJ 9.2.3], R (3 =/s)=—
[YN1 13.3.3], [PDG])

: . ’ scale factor _ Breit-Wigner
(E, p) : CM 4-mom (1/5) = BR(R—ab)

['s  :constant width
statistical factor

I : couplings
19, o8 PiNg (particle spins)

| Mg :Ey, mass

16
e.g. ole'e” > J/y—>uu) { n}{
ete” > J/y - puru- S
cSpeak e 1/5 (z MR_Z); )
independent  from _1om o 3R (Toor/2)
coupling strength. . )y—ete " yout (\/—_M)Z +(F /2)2
tot
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Resonance : different functions X

Many more parameterizations
used in literature (semi-empirical
or theory inspired), e.g.:

G“LZ;Mxﬁﬁagﬂﬂﬁf}

612{16%} {(25a22i3(+22+1)}{rfﬂ : } (Vs-M,) +T2/4

i if M >> T, neglect
167 (20, +1) }{Fab :||:Ffinal r2/4 s-dependence
c, =

(25, +1)(2S,+1) || Tx || Tq } (I—MR)2+F§/4

i } Fé &
relativistic
ol (Vs -

2
MR) +T: /4

ne | A

relativistic BW for

o _'16n"3}{ree}{rﬁ} VT ete 7 ff
: <

LA0LT, LT, Jf (s—m2) +mer

z Z

"s-dependent I',"

- lém {i} .. || g s, (used at LEP for
M lalr, | T, (S_ME)ZJFSZF;/M; the Z lineshape)
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Gauss distribution

(><—u2)2

1 20
f(X)—G(XW;G)— G\/ﬂe

mean = median = mode = y;
variance = ¢2;
symmetric : G(u+x) = G(u-x)

central limit theorem™ : the limit of processes
arising from multiple random fluctuations is a
single G(x);

similarly, in the large number limit, both the
binomial and the Poisson distributions
converge to a Gaussian;

therefore |G(x| p=x.., o=error,..)|is often
used as the resolution function of a given
experimental observation [but as a good (?)
first approx. only].

Paolo Bagnaia - PP - 00

f(x)

0.8 |
0.6 |
0.4 |

0.2

= p=0, 62=0.2 —
/\ n=0, 0?2=1.0 —

u=0, 62=5.0
B / \ u=-2,62=-0.5 —

* Consider n independent random variables

X = {X;, X5, . . ., X,}, each with mean p,
variance c%; the variable

\/’Zn Xi — 1

can be shown to have a distribution that, in
the large-n limit, converges to G(t|u=0,0=1).

and

p
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Given a measurement x with an expected
value p and an error c, the value

F(x)= LMOG(t |u,o)dt

is often used as a "hypothesis test" of the
expectation.

E.g. (see the I\ plot): if the observation is at 2o
from the expectation, one speaks of a "2c
fluctuation" (not dramatic, it happens once
every 44 trials — or 22 trials if both sides are
considered).

The value of "56" * has assumed a special
value in modern HEP [see later].

* if the expectation is not gaussian, one speaks
of "5c6" when there is a fluctuation < 2.87 E-7
in the tail of the probability, even in the non-

gaUSS Case.
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Gauss distribution : hypothesis test

/

\

/

\

f—

3 2 -1 0 1 2 \3 4 5,
X G(x|0,1) F(x) 1/Nyia
0 3.989 E-01 | 5.000 E-01 2
1 2.420E-01 | 1.587 E-01 6.3
2 5.399 E-02 m 44.0
3 4,432 E-03 | 1.350 E-03 741
4 1.338 E-04 | 3.167 E-05 31,500
6 6.076 E-09 | 9.866 E-10 | 1.0 E+09
7 9.135E-12 | 1.280E-12 | 7.8 E+11

25




Gauss distribution : the "Voigtian" X

Assume : - Ny ~
X)=V(x|x,,y,0)=
e a physical effect (e.g. a resonance) of 5x) ( 1%, G)
intrinsic width described by a BW; :LD dtG(t]0,5)BW(x—t|x,,v)=
e a detector with a gaussian resolution; B [_tzj ]
267
— the measured shape is a convolution —[qtl £ 1 Y .
"Voigtian" (after Woldemar Voigt). — o~N2T || Ty (x —t—x, )2 +v°
* the V. is expressed by an integral and has no \. - - J
analytic formif y >0 AND ¢ > 0.
f(x) I I I
* however modern computers have all the o5 X = .00 a
. — 5=.00, y=1.00
stuff necessary for the numerical /\ I
computations; 0.4 ANV T — 68 y=34 ||
// \\ — 0=.85, y=.00
e mean = mathematically undefined 03 /N

. check carefully if
n, dynamics is BW,

[use x,]; / \
0.2
e variance = really undefined [divergent].

_s for real physicists
resolution is gaussia |
and y and c are uncorrelated . _
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Physics is an experimental science [/
would say "THE experimental science"];

therefore it is based on experimental
verification;

the '"verification" is a sophisticated
technigue (see later & read Popper),
but in essence it means that the theory
has to be continuously confronted with
experiments;

... and when there are disagreements,
the experiment wins(*);

therefore, although this is NOT a course

on experimental techniques, | find

useful to remind a couple of formulze

about the main detectors of our

science:

> magnetic spectrometry;

> calorimetry;

> [do not forget
scintillators, TRD's, ...]

Cherenkov's,

e although in real life the results do
depend on experimental details and are
obtained by complicated numerical
evaluations, it is very instructive to
study simple ideal cases.

(*) remember the Brecht poem "The Solution" :

(...) das Volk

Das Vertrauen der Regierung verscherzt habe
Und es nur durch verdoppelte Arbeit
zurtickerobern kénne. Waire es da

Nicht doch einfacher, die Regierung

Loste das Volk auf und

Wiahlte ein anderes ?

[... the people had forfeited the confidence of
the government and could win it back only by
redoubled efforts. Would it not be easier in
that case for the government to dissolve the
people and elect another ?]



The Lorentz force bends a charged particle

in a magnetic field = the particle
momentum is computed from the
measurement of a trajectory €. Simple case:

e track L B (or £ = projected trajectory);
* B = constant (both mod. and dir.);
e § KR (i.e. asmall, s KR, arc = chord);
e then(pinGeV,BinT,2Rsinm):
R°=R-s)’+0*/4—>(R,{>5)
0= —2Rs+{*/4 -

S_ﬁ~Roc2_
S8R 8 '
fz
0=0.3BR=0.3B"—;
8s
Ap |0Op AS_EAS_AS_( 8As jp
p loslp s p s \03B°)

actual track

R-s

@l &

- J

e eg.B=1T,£=1.7m, As =200 um —
Ap/p =1.6 X 103 p (GeV);

 in general, from N points at equal
distance along €, each with error € :

Ap  &gp 720
p 0.3B{°\N+4
(Gluckstern formula [PDG]).




[small difference] A track displaced by o
respect to a straight trajectory after £;
compute its momentum in the same case:

e track L B (or € = projected trajectory);

-

* B = constant;
e £ KR (i.e. Bsmall, d KR, arc=chord);
e then(pinGeV,BinT,€Rsinm):

R>=(R—-8) +{* > (R,[>9)
0= X —2R5+{* >
'

2R 2

fZ
p=0.3BR=0.38—;
25

Ap_‘8p|A6_£A8_A6_( 2A8 )p
Blp &p & (0387

P

R-0 actual track

Wl X

. J
e eg.B=1T,£=1.8m,A0=200 um —>
Ap/p =4 X 10% p (GeV);

e Ap/p o p — there exists a "maximum
detectable momentum" (mdm), defined
as the momentum with Ap/p =1 (p, .4 =
2.5 TeV in the example);

* the mdm defines also the limit for charge
identification.



* in presence of materials, the error ¢ the overall error is obtained by the sum

depends also on the multiple scattering : in quadrature of all the contributions :
.014
AX = t 00 { 1+0.038/n i ; Ap Ap Ap
J3 Bp(GeV) \ X, X, L R P N 1) = I =
¢ p tot p meas p m.s.

A
?pm'& oc pAX oc constant; _ \/(Ap
e.g. { =1m, air(X, =300m), p=10GeV: P
(— B =1, In term negligible)

1 0014 | 1

AX =~ =47 um;
J3 10 V300 H

(comparable with meas. error).

2 A 2
o =20
meas p m.s.

plane

>
6 ane IAX

actual track (projected) \

.

plane




Based on the interactions of the particles  Errors depend on

in a dense material; the total length of the  « stochastic effects on shower
trajectories of the particles in the shower development ;
(= the signal) is proportional the primary

 different response to different particles

energy : (et <> u* <> hadrons);

E = calib X track_length = calib’ X signal. -, (o physics [e.g. different amount of

(y+et) <> (hadrons) in had showers];

had. shower * systematics of the detectors

("calibration" errors).

2 Formulas :
M SEhol h.ps (8/cm?) % 35(g /cm?)AM>;

few - A

V. EEe i

for solid heavy materials : A, . =0(100 cm);

e.m. shower

discrimination
716(g/cm?)A | (+ shape)

Z(Z+1)¢n[287 /7]
for solid heavy materials : X, =fewx1 cm.

X,(g/cm’) =




Energy errors, especially in em. e non-linearity;
calorimetry, are parametrized as : e nuclear effects:

AR _ [i ] D (E j D (c
tot \/E stochastics E noise

E
e the stochastic term comes from the

constant )

i : . ~ 3
statistical fluctuations in the shower § NA48, N.I.M. A360 (1995) 224 :
development; ‘32 i ‘ liquid Kr

e the noise term from the readout noise S a =.035 GeVV/2;
and pedestal fluctuations; a Ty b= 040 GeV-

L oo = !
* the constant term from the non- =S c=.0042
uniformity and calibration error. 5o
1.5 =
Other sources of error : i ’
I

» shower leakage (longitudinal, lateral); , L .

e upstream material; ” ® o

* non-hermeticity; 35 DA

e cluster algorithm (+ software approx.); _

ORI OT S0 SN SN ST SN S SN S S S T SR R S SO WO SO SO S S

e e/m ratio [for hadr. non-compensating 70 20 40 80 80 100 120
calos]; Energy (CeV)



The particle identification (partid) is a  * powerful kinematical algorithms put all

fundamental component of modern the information together and combine it
experiments; many algorithms are with known constraints (e.g. known
embedded in the event reconstruction [no decay modes);

details]: .

* the gas detectors of the spectrometers
detect the amount of ionization, which,
for a given momentum, is a function of
the particle mass (see fig.);

ALICE performance
pp. \s=13TeV -
B=02T

 the calorimeters select e* and y from
hadrons, thanks to the differences
between e.m. and hadron showers;

 the u* are identified by their penetration
through thick layers of material;

e the Cherenkov and TRD detectors

measure the particle velocity (B and vy
respectively), which allows for the
determination of the mass;

Energy deposit per unit length (keV/cm)

Momentum (GeV/c)




particle measurement: mass errors o

Problem — For a given particle, assume
independent measures of momentum
(pxAp) and velocity (cBxcAB) [e.g. |p| from
magnetic bending and B from time-of-flight].
Compute its mass (m+Am).

2 2 P 1_B2 om 1 )

" " T T B § ‘ Py
£ \ om { 1-p2 1 1 }
2 8m2 2 0 ’ 2 Pl 2 o 2(_\2\JZ):
(Am)" = a—pj (Ap) J{G—Bj (AB) = op _ p B 2y1-p
P 1—[32 1

_[Ap PYAR | =—p| T——+ —

B ﬁj +( B’ j \ ! 1_B2}
(am) (s DA () l-ff”fﬂ

- = M p B,Z/ K = ... BZ 1_[32 B

.
Paolo Bagnaia - PP - 00 34 *




SAPIENZA  End - Introduction

UNIVERSITA DI ROMA




Particle Physics - Chapter 1
The static quark model

Paolo Bagnaia

SAPIENZA

UNIVERSITA DI ROMA




Quantum numbers

Hadrons : elementary or composite ?

The eightfold way

The discovery of the ()~

The static quark model

The mesons

Meson quantum numbers

Meson mixing

O 0 N o U B W N &

The baryons

10. SU(3)
11. Color

Caveats for this chapter:

e arguments are presented in historical
order; some of the results are
incomplete, e.g. heavy flavors are
not mentioned here (wait a bit);

* large overlap with [FNSN1, MQR, IE].




e in this chapter [see § 6 for QCD]: ~) )

> no dynamics, only static classification,
i.e. algebraic regularities of the states;

> only hadrons, no photons / leptons; * operators associated with conserved
guantum numbers;

The roadmap:

* modest program, but impressive results:

. old attempts of classification;
> all hadrons are (may be classified as) P

composites of the same elementary
objects, called quarks;

first successes (multiplets, €27);

modern classification:
> quarks;
> group theory: flavor-SU(3);
> color: color-SU(3);
> QM and group theory are enough to > symmetries;
produce the hadron classification;

> the quark dynamics, outside the scope
of this chapter, follow simple
conservation rules;

"construction" of

> although quarks have not been mesons and baryons;

observed, their static properties can be
inferred from the particle spectra; — § 6, QCD.

e does it mean that quarks are "real"? what
really "real" means? [??7]

G




quantum numbers : the Mendeleev way

® Many hadrons exist, with different
guantum numbers (gn).

(*) even if D.I.M.
lived long before
). the advent of QM.

®* Some gn show regularities (spin, parity, ...

® Other gn are more intriguing (mass, ...).
an example from

many years ago
> investigate in detail the gn: [add antiparticles...]

* A natural approach (a la D.I.M. (*)):

Q the associated operators;
the proliferation of
hadrons started in
the '50s — now they i
> ClaSSify the states. are few hundreds ... By e —

(Amntpuin UBaHosny MeHaenées)

Q the gn conservation;

> look for regularities;

Name | n* | ©® | K* | KO | 7 P
Mass (Mev)| 140 | 135 | 494 | 498 | 548 | 938 | 940 [1116(1190|1232
Charge +1 | 0 |[+1| 0| 0| 1| 0| 0 [+1,0]2+1,0]MaNY

other
Parity - — — - — + + + + * | hadrons
Baryonn. | O 0 0 0 0 1 1 1 1 1
Spin 0 0 0 0 0 Iz % iz iz 3/,
other gn ...

Paolo Bagnaia - PP - 01 4



2 quantum numbers : parity P ==

for complete definitions and discussion, [FNSN1], [MQR], [BJ].

Definition* : P |y(q,X,t)> = P|y(g,~X, t)> * Gauge theories > P =P, = 1.

. . . W% and Z do NOT conserve parity in their
*® Particles at rest (= in their own ref.sys.) party

are parity eigenstates:
P |y(q,X=0,t)> = P|y(q,X=0,t)>. ® For a many-body system, P is a
multiplicative guantum number :

Py (X;, XX, t) = PP, P oyr(Xy, Xy X, 1)

interactions, so their intrinsic parity is not defined.

® Eigenvalue P : intrinsic parity
P2=1, Preal > P=(+1).
® Particles in a state of orbital angular

* Dirac equation — for spin % fermions, momentum are parity eigenstates :
P(antiparticle) = -P(particle) Y. (6,0) = (~1)F Y, (1—0,p+7) —>
* Convention: P(quarks/leptons) = +1 — P |y (6,0)> = (=1)% [y,(0,0)>

+1=P._=P,_=P_=P,=Py=P,=.;

® Therefore, for a two- or a three-particle
-1=P, =P, =P, =P =Ps=P.=..

system:
* Field theory: for spin-0 bosons — Posiizy = P1P5 (-1)%;
P(antiparticle) = +P(particle) : p _Pp.P. (1)L (L, e
— — sys(123)~ T 1P 2P 3\ .
P.=P.=P_,.. 1 2
* here and in the following slides : =+lor-17? L,
: charges + additive gn; .. be patient ...
: polar / axial vectors;
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quantum numbers : charge conjugation C - -

( )

Definition : C changes a particle p into its | ® Only particles (like 7° unlike K’s) which
antiparticle p, leaving untouched the space are their own antiparticles, are
and time variables : eigenstates of C, with valuesC=(x 1) :

C |p,w(X,t)>=C |p, w(X,t)>.

C=+1forn% n,n’;

- _ 0 .
® Therefore, under C: C=-1forp° o, ¢;

charge 41— —q; OERR (&M for Z, C and P are not defined

baryonn. %— -3 ®* However, few particles are an eigenstate

lepton n. = -, flip of C; e.g.
C|nt>==|n>.

strangeness S — —S;

position X —> X: * Why define C ? E.g. use C-conservation in
S . . e.-m. decays:
momentum p — p; no-flip
. m—>vyy :+1—>(-1)(-1) ok;
spin S — s.

> vyyy : +1—> (-1) (-1) (-1) no.
® C is hermitian; its eigenvalues are *1;
they are multiplicatively conserved in

strong and e.m. interactions.

Paolo Bagnaia - PP - 01 6

Br(n® — yyy) measured to be ~1078.



quantum numbers : G-parity G

e charge conjugation C is defined as PelpE5RE o) (e Gl Ve, JEEE.

Clag, 3 LS>=%|-q,-3 -L,-S>; * G-parity is multiplicative :
* therefore, only states Q=%=L=S=0 G |nmt* mm~ kn®> =
may be C-eigenstates (e.g. ©° m, 7, = (=)mmH [ nmt mu kn®>;
[n7]). G |qG> = (=)' |ag>;
(Generalization [G-parity]: G=CR,, | * Gisuseful
where R, = rotation in the isospin space: » G-parity is conserved only in strong

interactions (C and isospin are valid);

R, = exp (-int,);
R, |1, 15> = (=)"3 |1, —1;> > it produces selection rules (e.g. a

R,|q, % t, 1, 1.>=(=)"3]-q, % t, |, -l,>; decay in odd/even number of ='s is
2 » Ny Yy 1y 137 T IRAVIR VIR VIRl Y

\ y allowed/forbidden).
®* (@ has more eigenstates than C; e.g.: e e.g. (782) is I5(JFY) = 0-(1--) :
C > =—|n*>; BR (@ > m*n 7% =(89.24+0.7)%
C %> =+ |7c‘i>; BR(w = m'n) =( 1.5£0.1)%
R, |n*> =+ |n*>; opposite to the obvious phase-space
R, 7% =—[n%. predictions (more room for 2wt than 3x
* therefore: decay).
G |n*0> = CR, |nt% = — |+0>, * [see also J/y decay].
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quantum numbers : some proofs o

* Be |g, X, a> an eigenstate of a generic  ®|P(y) =—1| [from Maxwell equations];
operator K (K =C, G, IP, S [spin-flip], T
[time-reversal]).

® For a qq (or particle-antiparticle) state:

SPC |g,X5s -9,X,-5>=
®* From their definition: SCSP|-qrd q-%-3

_S>=
K2=1 — |K'=K.

> >

=CPS |-ql_)_()lg>l q,X,-S> =

* an eigenstate of K has eigenvalue K: SCPS |qKE -q-%-2>
K |qg,% a>=K|q, X, a>; SSPC=CPS=+1:

K? |q, X, a>=K?|q, X a>=|q, X, a>;
K2=1 —|K=real = +1.

—>|C=1S1P1=4S P.

the spin s is an

* see also [FNSN1, 8§7] axial vector (3)
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1/3

Over time the very notion of
"elementary (???) particle"
entered a deep crisis.

The existence of (too) many
hadrons was seen as a
contradiction with the
elementary nature of the
fundamental component of
matter.

It was natural to interpret the

hadrons as consecutive
resonances of elementary
components.

The main problem was then to
measure the properties of the
components and possibly to
observe them.

[... and the leptons ? ...]

Paolo Bagnaia - PP - 01

hadrons : "elementary" or composite ?

too many hadronic states: resonances ?

the figure shows the particle discoveries from 1898 to
the '60s; their abundance and regularity, as a function
of quantum numbers like charge and strangeness, were
suggesting a possible sequence, similar to the
Mendeleev table [FNSN1].

-

s N
1890 1900 1910 1920
I | N I TN N I I | I*I I | N I N I I I A | I | N I TN N I I I | + I

e” p
1920 1930 1940 1950
| I I I AN N N N A | + Ifl 11 1 + | | | N I I A I | + | +
n et ut nt K*
1950 1%60
1 1 | 1 1 | | 1
|
TINIIIRET Y
O A%ZE PV ZA° pv, o, and many more
KO AZE- A 20 odn
N fQo
K*

J

3



hadrons : "elementary" or composite ?

" PHYSICAL REVIEW

A journal of experimental and theoretical physics established by E. L. Nichols in 1893

Seconp Series, Vor. 76, No. 12 DECEMBER 15, 1949

1949 : E.Fermi and C.N.Yang

Are Mesons Elementary Particles?

E. FerM1 axp C. N. Yanc*
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois
(Received August 24, 1949)

proposed that ALL
the resonances were
bound state p-n.

esons may be composite particles formed by the association of a nucleon with
extremely crude discussion of the model it appears that such a meson /

. es similar to those of the meson of the Yukawa theory,
—J
Chen-Ning Yang Shoiki Sakata
Enrico Fermi (R T - GiRE, (RHE &—,
Ydng Zhénning) Sakata Shoichi)
1956 : Sakata extended the Fermi- T
Yang model including the A,
to account for strangeness :
all hadronic states were
then composed by (p, n, A)
and their antiparticles.
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hadrons : "elementary" or composite ?

1961 : M. Gell-Mann and Y. Ne’eman mention an internal structure. The
(independently) proposed a new name was invented by Gell-Mann
classification, the Eightfold Way, and comes from the "eight
based on the symmetry group SU(3). commandments" of the Buddhism.

The classification did NOT explicitly

The Quark Idea
(up, down, strange)
1960 * 1970 1980 1990

Murray Yuval Ne;eman ! f ff? fff
B

Gell-Mann (mxaoar) JytrDY An.B W#z
to p \ljlll XC YIII ZC 25
1990 2000 v -
I | 1 1 | | | 1 L1 ! 1 | | 1 | L.....
B, t Many more hadrons
Ay

have been discovered.
Warning : "t" is a quark, not a L_/

hadron (in modern language).
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the Eightfold Way: 1961-64

All hadrons (known in the '60s) are classified in i%

the plane (/5 —Y), (Y = strong hypercharge):
o Q=+1 mesons
Y
| JF=0"

[13 = 1, = third component of isospin; ] +1 4 K

Y=23+S [baryon number + strangeness].

°n° N’
The strangeness S, which contributes to Y, had 07
the effect to enlarge the isospin symmetry
group SU(2) to the larger SU(3): Special
Unitarity group, with dimension=3. 11

The Gell-Mann — Nishijima formula (1956) was : \_ Y,

Q =I5 + %($+S)

including heavy flavors [#:baryon, B:bottom] :

Q = I, + %(B+5+C+B+T)

This symmetry is now called "flavor SU(3) [SU(3);]", to distinguish it from the "color SU(3) [SU(3).]",
which is the exact symmetry of the strong interactions in QCD.

Paolo Bagnaia - PP - 01 12




2/5

The particles form the multiplets of SU(3);.
Each multiplet contains particles that have
the same spin and intrinsic parity. The basic
multiplicity for mesons is nine (3x3), which
splits in two SU(3) multiplets: (octet +
singlet). For baryons there are octects +
decuplets.

The gestation of SU(3) was long and
difficult. It both explained the multiplets of
known particles/resonances, and (more
exciting) predicted new states, before they
were actually discovered (really a triumph).

However, the mass difference p — n (or ©* —
n0) is < few MeV, while the Tt — K (or p — A)
is much larger. Therefore, while the isospin
symmetry SU(2) is almost exact, the
symmetry SU(3),, grouping together
strange and non-strange particles, s
substantially violated.

Paolo Bagnaia - PP - 01

the Eightfold Way: SuU(3)

/Y R RNV Mesons
| rr-0
+1 ¢ K
TEO,T]O, n
O 1
_1 4
0 1 'I3
\ /

In principle, in a similar way, the discovery
of heavier flavors could be interpreted with
higher groups (e.g. SU(4); to incorporate
the charm quark, and so on). However,
these higher symmetries are broken even
more, as demonstrated by the mass
values. Therefore, SU(6); for all known
mesons J* = 0~ is (almost) never used.

s ¥



the Eightfold Way: mesons JP=1-

Another example of a
multiplet: the octet of e ~

vector mesons : Y
+17 K¥*——— m= 890 MeV
(- B
Y“
+1 K" m ~495MeV 770 (0)
780 (o)
0 mt— ~ 140 MeV 1020 (¢)
-1 ~ 495 MeV 11 390 MeV

P=0- meson resonances JP =1~
[mesons J* = 0] (all discovered by 1961).
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the Eightfold Way: baryons JP=%*

mesons: Y=S
baryons: Y=S+ 3

notice the masses: for mesons, because
of CPT (K <> K) the masses of an octet
are symmetric wrt (5=0, 1,=0), while for
baryons the mass increases as =S

[because the s-quark (S= —1) is heavier
than u/d, but they did not know it]

Octet of baryons JP = %4,

m~ 939 MeV

1116 (A)
1193 (%)

1318 MeV

)
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5/5
v Decuplet of baryon resonances JF = 3/,*
A
- 0 + ++
1] &2 A A A™ o~ 1232 MeV
I 153 MeV
*— *0 *+
01l 2 = 2 1385 MeV
I 148 MeV
=k —%0 Q=+1
17 — = 1533 MeV
150 MeV ???
Q=0
-2 Q- ~1680 MeV
Q=-1 \
1 0 +1 I,
\

when the Eightfold Way was

first

proposed, this particle (now called €27)

was not known — see next slide.

the Eightfold Way: baryons JP=3/,*

The next multiplet of baryons is a
decuplet J? = 3/,*.

When the EW. was proposed,
they knew only 9 members of the
multiplet, but can predict the last
member:

* itis a decuplet, because of EW,;

thestateY=-2,1,=0(>Q=-
1, S = =3, B=1) must exists;

call it O—;
look the mass differences vs Y:

mass linear in Y - mq_~ 1680
MeV (NOT an E.W. requirement,
but a reasonable assumption);

* the conservation laws set the
dynamics of production and
decay of the Q.

Paolo Bagnaia - PP - 01
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1/2

The particle QO-, predicted (%) in 1962, was
discovered in 1964 by N.Samios et al., using
the 80-inch hydrogen bubble chamber at
Brookhaven (next slide).

The Q™ can only decay weakly to an S = -2
final state (1) :

Q >E07; 5>En0; > A°K;
[a posteriori confirmed by the measurement
TQ_ E 0.82 X 10_10 S]

(1) Since the electromagnetic and strong

interactions conserve the strangeness, the lightest
(non-weak) S- and B- conserving decay is :

Q- > 50K [S:-3—>5-2-1,%:+1 > +1 +0]
which is impossible, because
m(Q2) ~ 1700 MeV < m(Z) + m(K) =~ 1800 Me\V.

Therefore the Q~ must decay via strangeness-
violating weak interactions : the Q~ lifetime reflects
its weak (NOT strong NOR e.m.) decay.

Paolo Bagnaia - PP - 01

the discovery of the (2~

+

(%) From a 1962 report:

Discovery of Z* resonance with mass ~1530
MeV is announced [...].

[As a consequence,] Gell-Mann and
Ne’eman [...] predicted a new particle and
all its properties:

e Name = (2~ (Omega because this particle
is the last in the decuplet);

e Mass ~ 1680 MeV (the masses of A, X*
and =* are about equidistant ~150 MeV);

e Charge =-1;

e Spin=3/,;

e Strangeness=-3, Y =-2;
 |sospin =0 (no charge-partners);

e Lifetime ~1019 s, because of its weak
decay, since strong decay is forbidden(d);

e Decay modes: Q- — ZE° 7t~ or Q- — = n°.

17




the discovery of the ()™: the event +

the Q- observation required both genius and luck (e.g. NG YOI 1Y
compute the probability of the two y conversions in H,):

LEO + 1~ (AS = 1 weak decay)
Lno + A (AS=1w.d.)
\—»n‘ +p(AS=1w.d.)

v +7v (e.m. decay)

L Le*e‘
ete”

Nick Samios

Brookhaven National Laboratory 80-inch hydrogen bubble chamber - 1964
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In 1964 M. Gell-Mann and G. Zweig
proposed independently that all the hadrons
are composed of three constituents, that
Gell-Mann called™ quarks.

This model, enriched by both extensions
(other quarks) and dynamics (electroweak
interactions and QCD) is still the basis of our
understanding of the elementary particles,
the Standard Model?.

In_this chapter we consider only the static
properties of the three original quarks.
Sometimes, in the literature, it is referred as
the naive quark model.

(1) The name so whimsical was taken from the
(now) famous quote "Three quarks for Muster
Mark !", from James Joyce's novel "Finnegans
Wake" (book 2, chapt. 4).

(2) At that time it was not clear whether the

Paolo Bagnaia - PP - 01

the static quark model

1969 : Gell-Mann is awarded Nobel Prize

“for his contributions and discoveries
concerning the classification of elementary
\particles and their interactions”.

J

qguark  hypothesis was a mathematical
convenience or reality. Today, as shown in the
following, our understanding is clearer, but
complicated: the quarks are real (to the extent
that all QM particles are), but they cannot be
seen as isolated single objects.

19 *




the static quark model: uds

The hypothesis:

u d S
B baryon JA JA JA

e three quarks u, d, and s (up, down, strange);

e quarks (q): standard Dirac fermions with spin

% and fractional charge (+%e +%e); J spin KR
e antiquarks (g): according to Dirac theory, the | isospin | %2 | %2 | O

g-antiparticles; I; 3¢i-spin| % | =% | O
e baryons: combinations qqq (e.g. uds, uud); S strang. 0 0o | —1
e antibaryons: three antiquarks (e.g tud); Y %5 Y v | —24
* mesons: pairs qg (e.g ud, ud, su); Q I, +%Y Y

* "antimesons": a q§q pair: the mesons are
their own antiparticles, i.e. "anti-mesons" =

¢, b, t not yet discovered

mesons.
in the '60 !l see § 3
The quarks form a triplet, which is a basic (d
representation of the group SU(3). Quarks may
be represented in a vector shape in the plane
l; — Y; their combinations (= hadrons) are the S
sums of such vectors. \
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"Build" the mesons qq with these rules :

* in the space |5 - Y, sum "vectors" (i.e. quarks and
antiquarks) to produce gq pairs, i.e. mesons;

e all the combinations are allowed:

-

\_

I3

~

J

e the pseudoscalar mesons (J°=0") are qg states in s-wave with
opposite spins ( T4 ).




The mesons: JP¢=0*

More specifically, with s-wave (JP¢=07), Notice that nt% 1, " are combinations
we get the "pseudoscalar” nonet : (mixing) of the three possible qg states

[[dvu] [ : ]] (for the mixing parameters |ESXaaD) :
s )@ d

s N s N
A A
Y Y
ds us KO K*
+1 T +1 1
d u
\ 7/
di uu + dd + ss ud
0 + ‘ 0 + T ” t
o, no} n
S
-1+ -1 T C
sU sd K- KO
-1 0 +1 | -1 0 +1 |
\ 3 . 3
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If JPC = 1=~ (i.e. spin 11 1), the "vector"

nonet :
e ‘ I
Y y
ds us
+1 7
\ /
dii .\uﬁ +dd + s§/. ud
0 —)
-1
su sd
0 1 I'
\ 3/

Notice that p° ®, @ are combinations

(mixing) of the three possible qq states :

/
d u
Y A Y
K*0 K™ S
+1 1
0 P~ ® p*
P, ®, ¢
_1 ¢
K™~ K*0
\ -1 0 +1 .




Meson quantum numbers: JP¢ =+

e Parity : the quarks and the antiquarks P=(—1)"1
have opposite P : S = (—1)5*2 (Pauli principle, [BJ, 263]);
Pog = PiP, (-1)F =1 (-1)" = (-1)"*~ C=PxS=(-1)5
G = (-1)4> (see before).
e Charge conjugation : for mesons, which N
are also C eigenstates, C = PS, parity | 1 (ﬂU Uﬂ) Uy 1 (TTU
; —= — ; . = 4 Uﬂ); mm
followed by spin swap (see before). \\E y \ J2 )
Y Y
. | S=0 S=1
antisymmetric symmetric
>
* ‘ * ‘ L S J=La&S P C | G
o q o a 0 +
*. q 0 0 = + 1 _
0
\ ‘ / . . ~ B 0 +
g Y > 1 —
q (swap spins of 0 _
- 0 1 + —
L gandq) . 1 i
(/ 1 |012| + | + 2t
JPC = 0+ 1--, 1*, O+, 1+ 2+ .. 1 +
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Meson quantum numbers : multiplets

® For the lowest state nonets, these are  ® method (mainly bubble chambers) :

the quantum numbers : .
> measure (zillions of) events; e.g. :

L[S | JPC | 2L, | I=1state pp > 't o
0 o O 1S, 7(140) >look for "peaks" in final state
; + —+— 0).
1] 1-- 35 0(770) combined mass, e.g. m(nt* t~ n);
ol 1+ 1p, b,(1235) > the peaks are associated with high
0++ 3p. | a,(1450) !’nass re.sonanc.es, decaying via strong
1 interactions (width — I'" — strength);
1| 1+t 3P, | a,(1260)
>the scattering properties (e.g. the
2+ 3P, | a,(1320) N
angular distribution) and decay modes

. _ identify the other quantum numbers;
* all these multiplets have maingn n =1;

_ * result : an overall consistent picture;
® as of today ~20 meson multiplets have

been (partially) discovered [PDG]. ® Great success !!!

® important activity from the 50 to the
’70; still some addict;
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Meson quantum numbers : example - -

T 1 T T T

1460 PAIRS

Three examples in e
aor

Tp — X

610 PAIRS

20 850 PAIRS

a) m(n*n°) for
X =mtnp

wt w°MASS IN MEV

b) m(n*n) for
X=n"nt"np

1 ! T T T 1 T T T T T T

80— b)

60—

160 —

c) m(wt nnP) for

X=n"ntnn% 120}~ .

NUMBER PER 10 MEY INTERVAL
™
b4
o
[y ]
o
2 .
P r]
w
NUMBER PER 10 MEV INTERVAL

600 PAIRS 1 /aoo TRIPLETS

2640 PAIRS _ 80—

40 2600 TRIPLETS
100

4 TRIPLETS

20 By B} a0}

T T T T T L T T T T T T T

T 1 T 1 1
300 500 700 900 HOD 1300 500 700 900 100
T 7T~ MASS IN MEV T T MASS IN MEV

T

T
1300

Q: which resonances ? why not the p°?
a) p*(770) — n*nY b) p°(770) — ntn; c) n(548)

®(782)

Paolo Bagnaia - PP - 01




Meson quantum numbers : p° 5 non°

[Problem: P — nn%is allowed ? NO, because of : ]

N\

(a) C-parity
C(p%) =-1; C(n%) = +1

therefore, since the initial
state is a C-eigenstate,

—-1=(+1) x (+1) — NO

NB. A general rule : "a vector
cannot decay into two equal
(pseudo-)scalars".

But (a) and (b) do not hold
for weak decays. Instead (c)

is due to statistics + angular
momentum  conservation,
and is wvalid for all
interactions.

[(c) also forbids Z — HH]

Paolo Bagnaia - PP - 01

(b) Clebsch-Gordan coeff. in)
isospin space
1p% = [I=1, |3=O>i

|7°) =1, 0);

therefore the decay is

(mPn%|p®) = <j1j2m1mz|J M) =
=(1100]10)=0;

(c) Spin-statistics

[Povh, problem 15-1]

* S(p°) =1,5(n% =0
— L(n%n0) = 1;

e pYis a boson — wave
function symmetric;

e the n%s are two equal

— NO. bosons — space wave
function symmetric;
PDG, § 44 :
| S * L=1 makes the wave
1 function anti-symmetric
181
0 — NO.
0 O 0




1/3

Meson mixing
Light _ JPe Q mass qq of 1,=0
mesons a9 w | | £ > @ (MeV) ()
w/m\r~ | ud, qg?,da|o+| 1 |1,0,-1| 0 |1,0,-1| 140 | ~(ud—dd)/N2
n qg? o*| 0 0 0 0 550 |~(uG+dd—2s3)/V6
n qG®@ 0o*| 0 0 0 0 960 |~(uG+dd+ss)/V6
K*, KO B) us,ds |0 | % | %% |+1]| 1,0 | 495
Ko, K- @) sd,si |00 | % | %% |-1| 0,-1 | 495
o/p%\p~ |ud,qg?,da|1-| 1 [1,0,-1| 0 |1,0,-1| 770 | ~(ud—dd)/~2
® qg®@ 1-—-| 0 0 0 0 780 | ~(ud+dd)/N2
d qG® 1--| 0 0 0 0 1020 ~s3
K¥ K¥ G |  us,ds |17 | % | %% |+1| 1,0 | 890
K¥,K*=B) |  sd,sa |1- | % | %-% |-1| 0,-1 | 890
Notes :

(1) (L=0, B=0) > P = (—)*1 = — C = (-)\*S = ()5, Q= I, + Y = I, + %S;

(2) The mesons 7% 1, ', p°, ®, ¢ are mixing of ud @ dd @ ss (see next);

(3) States with strangeness # 0 are NOT eigenstates of C; since they have 1=}, no 1,=0 exists.

Paolo Bagnaia - PP - 01
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Meson mixing: JP=0-, 1~

Mesons are bound states qg. Consider only
uds quarks (+ Gds) in the nonets (JP =0~ 1,
the pseudo-scalar and vector nonets) :

e the states (n*=ud, m—=dd, K*=us, K°=ds,
K-=s0, K°%=sd) have no quark ambiguity;

e but (ub dd ss) have the same quantum
numbers and the three states (yg, Ys,
;) mix together (— 2 angles per nonet);

* the physical particles (n° n, n’ for 0-, p°,
o, ¢ for 17) are linear combinations qg;

* (yg,) decuples (n° p°) (— 1 angle only);

* 0,5 and 6, are computed from the mass
matrices* [PDG, §815.2];

* notice: the vector mixing 6, = 36° = tan™
(1/\/2), i.e. the ¢ meson is almost sS only
[i.e. p > KK, see KLOE exp.];

(... continue)
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+

.

Ve

$(1020) =y, ,cosO, —y; sin0, =ss

Vg, loct,I=1]= (uU—da)/\/E
Vg oloct,1=0) = (uU+da—25§)/\/g >
v, [sing] =(uU+da+s§)/\/§

n°(140) ~ y¥, =(uT—dd)/~?2 |
Nn(550) = yg,cosB, —yisinb, g

N'(960) =y5,sind , +y7 cosO, /

p°(770)~ vy, =(uu—dd)/+/2

S
®(780) =y, ,sin0, +y; cosO, ~

~(uu+dd)/~2

pseudo—
scalar

~

\Vmulti,l
ideal case

r=0,
~ —25°%;

f=1,

0 ~ 36°.

vector

* in principle, both the mass spectra and the mixing angles
can be computed from QCD lagrangian %cp ... Waiting
for substantial improvements in computation methods.
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The decay amplitudes in the e.m. channels
may be computed, up to a common factor,
and compared to the experiment;

o
>

Meson mixing: JP = 1-

q

Y

q %\/oc Vo

Few problems :

 the values are small*, e.g. BR(p®—>e*e™) =
4.7%107;

e the phase-space factor is important,
especially for ¢, which is very close to the
sS threshold (m, — 2 m = few MeV).

However, the overall picture is clear: the
theory explains the data very well.

* warning: the dominant p°w¢ decay modes are strong;
however, the e.m. decays p°w¢d — e*e”, with a much
smaller BR, are detectable — I',,,, measurable —
guark charges compared.

Paolo Bagnaia - PP - 01

N

1 —
p’(770) =—=(uu—dd);
2
_ M (p°0d —>e’e”)
0(780) = ——(uT +dd); | nip 04 |
Nl <0y Q)
$(1020) =s5;
(o0 > e ) ETEE]
g V213 3 2’
—><IMNo—>e'e’)x i(E+_—1j :i,
213 3 18
B 2
['(p—>ee)x 1} :1,
'3
9 :1:2 (theo)
> Ty =
L b 8.8£2.6:1:17+0.4 (exp).
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The baryons

The construction looks complicated,
but in fact is quite simple :

e add the three quarks one after the Y
other: ddd udd uud uuu

e count the resultant multiplicity.

In group’s theory language :

33®3=1008®d8 D1 01
i.e. a decuplet, two octects and a
singlet.
[proof. : -1
3®3= 6@ 3;
6®3=10®D8§;
_ -2
3®3= 8D1. g.e.d.]
| | | —>
Both for 10, 8, 8' and 1 the three -3/2 -1/2 +1/2 +3/2 1,

guarks have L = 0.
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The baryons: quantum numbers

Baryons qqq

uud, udd

uds

uus, uds, dds

uss, dss

Y¥+ Y *0 F*- uus, uds, dds

A

uss, dss

I ) —_

Q- SSS

L B s | qw (”I\;Iaes\j)
% %, % ol 1,0 940
0 0 -1 0 1115
1 1,0, -1 1] 1,0,-1 | 1190
% %,-% 2| 1,0 | 1320
3,13, Yy Yy 3, | 0 [2,1,0-1| 1230
1 1,0,-1 1] 1,0,-1 | 1385
% %,-% 2| 1,0 | 1530
0 0 3 -1 1670
Notes :

(1) Q=L+%Y=1L+%(%+S), B =1.
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The baryons: the octet JF = %*

The lowest mass multiplet is an
octet, which contains the familiar p - N

and n, a triplet of S=-1 (the X’s) a |Y 4
singlet S=-1 (the A) and a doublet ) .
of S=-2 (the =’s, sometimes called |, 1 ° °
“cascade baryons”). ddu duu
The three quarks have £ = 0 and >- 50 A ¥+
spin (M), i.e. a total spin of %. 99 A bt o
The masses are :

= =0

11~ C ‘®

dss uss
e ~ 940 MeV for p and n;
e ~1115 MeV for the A; dy U
e ~1190 MeV for the X’s; Pa b T
e ~1320 MeV for the Z's; | | | L,

[ [ [ [

(difference of < few MeV in the L -3/2 -1/2 +1/2 +3/2 1,

isospin  multiplet, due to e-m
interactions.)
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The baryons: the decuplet JP = 3/,*

The decuplet is rather simple (but
there is a spin/statistics problem,
see later). The spins are aligned
(M 1 M), to produce an overall

=3/,

The masses, at percent level, are :

~ 1230 MeV for the A’s;
~ 1385 MeV for the X™s,
~ 1530 MeV for the E"’s
~ 1670 MeV for the (0.

Notice that the mass split among
multiplets is very similar, ~150
MeV (important for the Q-
discovery, lot of speculations, no
real explanation).
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Y A
A— AO A+ A++
+1 - o [ ) o ([ ]
ddd ddu duu uuu
> P >
0 o [ ) o
dds uds uus
E*_ E*O
-1 o [
dss uss
d‘if'u
Q_
-2 ° >
SSS
| | | —>
-3/2 -1/2 +1/2 +3/2 1,
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The baryons: example =f

-
: Sl
OO LHCb S0 :
% 40 ECO ~ %’140:‘ —+ Data P
= ¢} { Data : wi20F ol 7
o B . - [ ... Signal
= 30 — Total 3 $100 ~ ... Background
X i g VVE
§ - 20 ----- Bgckground " = 80F
s 20¢ ¢ = T AT ] 5 ok
S X - T A ] S 60t4
5 10 = 40 } g
N l: LT b 20:_ =
0' : ' arb iy Emﬂﬁ@gﬁﬂi 0:. R § & e e
2500 2600 2700 3500 3550 3600 3650 3700
m(A; 7 ~) [MeV/c?] m(AlK m'nt) [Mev/c?]
0 yO0* +_ - ——++ =t +
A-12,2. >A® B-12,. 2 AK ' n
\ S
quark E:: L UCC; Check conservation of:
Recently, the LHCb Collaboration at eelald=]oi S DyLES sy pe \‘:j ;' blfryon n
. . c’/%c ° ’ . Charge
LHC has realized a nice search for &
b de with h ¥ A’ :udc; v'%x c. charm
C
aryons made with heavy quarks. _x d. strangeness
: K :us; ;
[these two examples should stay in § 3, _’ Write the Feynman
because they contain the ¢ quark] n" :ud,ud. diagrams of the decays
— after 86
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SU(3) +

e For the SU(2) symmetry, the generators are ( 0 1 L (1 L (1 )
the Pauli matrices. The third one is 01:[1 oj; WI=—2[J; w1=$[_1}
associated to the conserved quantum o 1 e i
number I;. Gzzl(l oj’ wz—ﬁ(l} wz=$£_ij;

— - 0 o + _ : 5 - _ 0 0

* For SU(3), the Gell-Mann matrices T, (j=1-8) “Zlo <1/ Y:T|o) Ya=lq )

are defined (next page).

o) =6, =05 =—i0,6,6, =|;
 The two diagonal ones are associated to 0,0, |=21) &0,
. K and elgenvectors
the operators of the third component of >
isospin (T;) and hypercharge (Tj). in the following
,t/.:Ome Of the properl‘/es Of
€ory: no rigoroys math

* The eigenvectors |u) |d) |s) are associated /fOfourd/scuss/ons ’

with the quarks (u, d, s). (some triviqy) are in [ig]

- A discussion of

. to
Physics, in [IE, app. o E/Ementary

the group
particle

‘] e .
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p
0 1 0 0O -1 0
A,=|1 0 0} A,=il1 0 0
0O 0 O O 0 O
Gell-Mann matrices A,
0 0 1 0 0 -1
A,=0 0 O A, =i0 0 0 |; - -1
1 00 1 0 O 2
O 0 O 1 0 O
: 1
7&7:| O 0 -1 ; kg:ﬁ 0 1 0
01 O 0O 0 -2
-
. . 1 00
dYA==—|0 1 0] diagonal.
1 3
0 01

- 8
U:1+%Zsjkj unitary matrix, det U=1.
=1

- J/

Paolo Bagnaia - PP - 01 37




3/5

SU(3) : eigenvectors

Definition of I, Y, quark eigenvectors

and related relations :

f . [t o0 . [t
,==A;=={0 -1 0|, Y=—=k;=={0 1 0
2 2 O 0O O \/5 3 0O 0 -2
1 0 0
‘u>:O; ‘d)zl; ‘s>=O;
0 0 1
A 1 n 1 N
T,|u) =+ uy; T, d>:—5d>; T,|s) =0;
R 1 N 1 A 2
YU> —+§ U>, Yd> —+§ d>, YS> ——§S>,
aA 1,_ A= 1,— A
T, u>:—5 a; T d>:+5 d>; T,|s)=0;
A 1 N C 2
) =—2a); V) =—2ld);  ¥[s) =+2
) - @ --ME 9D -2

Y A
de +1/3T o U
-1/2 +1/2 I3
_2/3T S
Y
+2/3 ‘3
-1/2 +1/2 1
ue -1/3 1 od
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SU(3) : operators C

The ladder operators T, U,, V, :

T, =T, +iT,; U, =T +iT,; V,=T,+iT,;
As an example, take V, : — - — SJ
s 3 ) 4
Vs e _ —\ )
00 1 0 0 -\ (0 0 1) |V|W)=-|s);
de /3] . u 1 ' =
7 V,=T,+il,="10 0 0 +%o 0 0|=[0 0 0y V,[d)=0;
. — 100 10 0) (00 0)| v[s)=0;
1/2 #1/2 15 | U S -
4 )
0 0 1)1
23t V,|uy={0 0 00 |=0;
- J
; o 48 X ) 0 0 0)lo
A u, V. 0 0 1)0
V.|d)=|0 0 0] 1|=0;
< — 0 0 0)l0
| — T T, &
1/2 +/2 1, 0 0 1)(0) (1
0 0 o)l1) o
- )\ AN /
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e ; N
T, |d>E [u>
T_|u>= |d> The ladder operators T, U,, V,.
de T > o u -7
<
N - B
u, V.
U,|s>=|d> Vi |s>=|u>
= —
\_ J T T, b
e N
s , y
V,|u>=-|s> U,ld>=-]|s>
V_|3> = -| 0> U_|5>=-|@> \_ J
u .4 T > e d
T, |u>f-|d> § QCD
T |@>E-|G>




Color : a new quantum number

Consider the A** resonance:

e JP=3/2* (measured);

— quark/spin content [no choice]:
|A*> = | ullufllull >

e wave function :

(T T mm————— 1
I

I \V(A++) = \Vspace X Ysavor X \Vspin NO !l! ) Oskar W. Greenberg Moo;Young Han Yoichiro Nambu
\ o o o o o - (BHRE ) (RIEB P5—ER,
_ Nambu Yoichiro)
( )
Why "NO" ?

Anomaly : the A** is a spin 3/, fermion and its
function MUST be antisymmetric for the exchange
of two quarks (Pauli principle). However, this

Consider the symmetry of y(A**):

e itis lightest uuu state > L =0

—> Wepace SYMmetric; function is the product of three symmetric
- i i ' 7?72
—> Wiavor AN Wy SYmmetric; functions, and therefore is symmetric — ???.
— Y(A™) = sym.xsym.xsym. = sym. The solution was suggested in 1964 by Greenberg,
_but the A* is a fermion ...NO later also by Han and Nambu. They introduced a
\ /  new_quantum number for strongly interacting

particles, composed by quarks : the COLOR.

e
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Color : why's and how's

The idea [see 86, the following is quite  (where u, u, uy are the color functions for
naive] : u quarks of red, green, blue type).

1. quarks exist in three colors (say Red, Then w_,, IS antisymmetric for the
Green and Blue, like the TV screen(*); exchange of two quarks and so is the global

2. they sum like in a TV-screen : e.g. when ~ Wave function.

RGB are all present, the screen is (iR The introduction of the color has many
3. the "anticolor" is such that, color + Other  experimental  evidences  and

anticolor gives(e.g.szJrB); theoretical implications, which we will

discuss in the following.
4. anti-quarks bring  ANTI-colors (see J g

previous point);

(*) however, these colors are in no way similar to
5. Mesons and Baryons, which are made of the real colors; therefore the names "red-green-
quarks, are white and have no color:  blue” are totally irrelevant.

they are a "color singlet".

Therefore, we have to include the color in
the complete wave function; e.g. for A**:

\V(AH) = \Vspace X Welavor X \Vspin X Weolor

1
Veoor = (1/V6) (uu2u + uluZu? + ubule:

1,.2,,3 1,,2,.3 1.2,,3
— UgUrup — UrUpus — UpUgu;
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Summary: Symmetries and Multiplets -

for a complete discussion, [BJ 10]. isospin multiplet must have the same

spin and the same parity.

1. Since the strong interactions conserve

isotopic spin ("I"), hadrons gather in I-

multiplets. Within each multiplet, the
states are identified by the value of /,.

. If no effect breaks the symmetry, the
members of each multiplet would be
mass-degenerate. The electromagnetic
interactions, which do not respect the I-
symmetry, split the mass degeneration
(at few %) in I-multiplets.

. Since the strong interactions conserve |,
I-operators must commute with the
strong interactions Hamiltonian ("H.")
and with all the operators which in turn
commute with H..

. Among these operators, consider the
angular momentum J and the parity P.
As a result, all the members of an

Paolo Bagnaia - PP - 01

. Since [Hj , L] = ie

H, is also invariant with respect to
unitary representations of SU(2). The
guantum numbers which identify the
components of the multiplets are as
many as the number of generators,
which can be diagonalized
simultaneously, because are mutually
commuting. This number is the rank of
the Group. In the case of SU(2) the rank

is 1 and the operator is I..

kmlm, €ach of the
generators commutes with I :

[2=12+101,2+1,2%.

Therefore 12, obviously hermitian, can
be diagonalized at the same time as L.

(continue ...)
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Summary: Symmetries and Multiplets

. The eigenvalues of I and I, can "tag"  11.

the eigenvectors and the particles.

. This fact gives the possibility to regroup

the states into multiplets with a given
value of /.

. We can generalize this mechanism from

the isospin case to any operator : if we
can prove that H is invariant for a given
kind of transformations, then:

a. look for an appropriate symmetry

group,

b. identify its irreducible representations

and derive the possible multiplets,

c. verify that they describe physical

states which actually exist.

10. This approach suggested the idea that

Paolo Bagnaia - PP - 01

Baryons and Mesons are grouped in
two octets, composed of multiplets of
isotopic spin.

12.

13.

+

In reality, since the differences in mass
between the members of the same
multiplet are ~20%, the symmetry is
"broken" (i.e. approximated).

Since the octets are characterized by
two quantum numbers (l; and Y), the
symmetry group has rank = 2, i.e. two
of the generators commute between
them.

We are interested in the "irreducible
representations” of the group, such
that we get any member of a multiplet
from everyone else, using the
transformations.

(... continue ...)
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14.

15.

16.

17.
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Summary: Symmetries and Multiplets

The non-trivial representation (non-trivial = other than
the Singlet) of lower dimension is called "Fundamental
representation".

In SU(3) there are eight symmetry generators. Two of
them are diagonal and associated to I; and Y.

The fundamental representations are triplets (—
quarks), from which higher multiplets (— hadrons) are
derived :

3®3
3@3®3

mesons: =1®8;

baryons: =1®8® 8D 10.

This purely mathematical scheme has two relevant
applications:

a. "flavour SU(3)", SU(3); with Y; and I;; for the quarks
uds — this symmetry is approximate (i.e. "broken");

b. "color SU(3)", SU(3). with Y. and I;. for the colors
rgb; this symmetry is exact.

+

4 y 4 I
de +1/3T o U
-1/2 +1/2 I3
_2/3T S
%
4 Y I
+2/3 s
-1}2 +1|/2 I;
ue -1/3 - od
o %
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e.g. [BJ, 8];

large overlap with [FNSN1, 7]
isospin and SU(3) : [IE, 2];
group theory : [IE, app C];
color + eightfold way : [IE, 7-8]

G.Salme — appunti.
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Fermi gas model

Rutherford scattering

Kinematics

Elastic scattering e-Nucleus

Form factors

Electron-Nucleon scattering

Proton structure

Higher Q2

Deep inelastic scattering

Bjorken scaling

The parton model

The quark-parton model

. F(x.Q%)

Summary of cross-sections

/

Au

~




"Hegel remarks somewhere that all great, world-
historical facts and personages occur (...) twice.
He has forgotten to add: the first time as tragedy,
the second as farce." [Karl Marx, The 18th
Brumaire of Louis Bonaparte]

Despite this famous sentence, in this
chapter a story is told, neither tragic nor
farcical, which happened at least three
times in the 20t century: in a scattering
experiment, a projectile probes the deep
structure of the target; the scale of the
observation depends on the energy of
the probe:

> 1911 (Rutherford) o particles — gold
(nucleus) [— FNSN1];

> 1950-60 (Hofstadter) e~ — H/D/He
(nuclear structure);

> 1965-80 (SLAC/CERN) e/v — hadronic
matter (quarks/partons)

=

The deep meaning of the mechanism
resides in Quantum Mechanics, which
relates the space scale of a phenomenon
with the (transverse) momentum of the
scattered particles.

The role of technology is also important:
the observation is possible because of
powerful accelerators and detectors.

We will follow the history and therefore
will study phenomena of ever smaller
size [look the contents pagel].

> 20xy (maybe you) new substructure
emerging ??7?



the treasure map for scattering

Start from
here

o,Au: point-
Rutherford like, no spin,
my >>m

anomalous
mag. moment

probe

e,N: Dirac dependzegce Rosenbluth
Mott* fermions, pointlike on Q° :
spin %
Bjorken
scaling
Mott N recoil
(my # ) quarks/ Standard
point-like target partons ? Model
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Q:

the scattering experiment

is the target a pointlike simple object ? if not,

how to probe its shape ?

(a la Rutherford, but (a) he used a. particles,
(b) he did NOT see the nucleus size)

>

YV V VYV VY

take a probe: e.g. an electron (e”),
study the scattering e T, [T=Nucl-eus/on]

measure the cross section c(e™T),

... and the angular distribution of the e~;

. and detect the excited states or the

final state hadronic system ("inelastic

interactions").

Path:

1. study the kinematics (*);
. compute o(e"T) for pointlike nuclei in classical

electrodynamics (Rutherford formula);

. ditto in QM for spin % electrons and pointlike

nuclei (Mott formula);

detect deviations from these models — derive

informations on nuclear structure;

new theory — smaller distance (i.e. higher

Q?) — deviations — newer theory — ... = ...
— (possibly ad infinitum )

o—> | mmp

Paolo Bagnaia - PP - 02

(*) We call "kinematics" the
equations which follow from
space / angular momentum

conservation and mass. The
game is to study the
"dynamics"” after imposing
the "kinematical" constraints.




> Nuclei are bound states of protons (p) Therefore:

and neutrons (n).
(n) e well-shaped potential (U), identical for

> A simple model: the Fermi gas: p/n, i.e. only interactions p<>p n<>n;

* Fermi statistics — two p/n per energy
level (spin n);

[...next page...]

* p, nidentical, but charge :
o little spheres r =r,, mass = m;
o spin 2 fermions, pure Dirac-like;

o bound inside the nucleus, otherwise
free to move; e

e define:

0 Neuir (= N), Norot. (=2),A=N+2Z, protons  neutrons

0 pFermi (= pF)' EFermi (= EF);
— Vo [c Al = 4mtr 3A/3;

* no e.m. interactions, only nuclear
— N =2Z=A/2, p. =pf, E’ = E [better

approx (not here):different interactions — p} # pfl;

e uncertainty principle — each p/n fills

Vphase space — [2mh]°. \_ Y J

2 SUR S SEp &t
26 L




Conclusions :

From those approximations, an
elementary computation :

N =N = = = =

n, n,U:np,ﬂ:np,U_ﬂ_E_é_
2 2

[Vspacevmom :|TOT — % TcrO3A X % Tcp[? —

= 3
|:V5pacevm°m ]each part [znh]
_2Arp;]
onh®
K AL h
N=z="-=-—255  pe=—3on/8;
T r

0

P 250 MeV,
EX" =p? /2m ~33 MeV.

r,~1.2 fm—){

(*) fit from form factors (see later)

Vspace ~ 4/37-“’03'6‘ — Fouel, &€ A%;
Pr, Er not dependent on A (!!1);
large pg, small kin. energy;

when p/n hit by probe (e*/v), if E
>> 30 MeV — ignore Fermi motion.

probe

[more elaborated model, e.g. add e.m. and spin
interactions, etc. — see literature]

bhopd [
phod
Nk
Rt




Rutherford scattering

] o=
r———
=

]

A

The birth of nuclear physics

(Manchester, 1908-13): already discussed in FNSN1
(pag 25);

a(zazz’ Aa:4) RN AU(ZAu:79r AAU:197) do NOT repeat the math,
simply recall the results;
e actually performed by H.Geiger and discussion of the physics;

E.Marsden [E.M. was 20 y.o. !]; preparation  for  further
steps.

* alternative model by J.J.Thompson, with
a diffused mass/charge ("soft matter");

modern simulation (look): L Lord Ernest Rutherford
https://phet.colorado.edu/en/

e the first "fixed target" scattering
experiment.
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https://phet.colorado.edu/en/

[an incredible mix of genius, skill and luck]

o-particles (i.e. ionized He) — Au foil;
EXN ~ few MeV;

sometimes, the o was scattered by 0 >
90°;, *VERY* rare in reality, but
impossible if matter were soft and
homogeneous;

only explanation: "matter" actually
concentrated in small heavy bodies
("nuclei");

— the "matter" is essentially empty;

how model the scattering ? Rutherford
tried with a two-body scattering with
Coulomb (electrostatic) force;

success !l [within  their limited

observation capabilities]

e a key point:

the nucleus is small
enough, that the a "sees" always its full
charge;

[remember the Gauss' theorem: if
impact parameter b > ry,...,s, only see
an effective point-like charge]

but the matter is neutral ! yes, but the
electrons are so light, that they cannot
stop/deflect the o (m,/m_ = 1/8,000).




Rutherford scattering: the math 5

( ) / A \
s,
| Ap =|p'—p |=2psin(0/2); %?
. L dr. dPa d
|L|=pb=|rxmv|| rxm(—rr+r—BB)|—mr —B
d dt’
, +o0 wo - 77€* cosfB
J Apy:2p5|n(6/2):j thy:I dt4 e
— nucleus (M, Z): &, r(t)
> o i (x-0)/2 zZe® cosfm zZe m
» Viucleus = O' _J o B X d —COS(G/Z)
= MV, m << M; 4me, pb Zna pb
2\, zZe’> m zZe* m do
Coulomb force only (F); tan(0/2)= — —>db=- X ) ,
V << ¢ = non-relativistic; 4me, p'b 4mg, p* 2sin’(0/2)
— — 2
elastic > |p'| = |p|; Ze’ do
=t do =27bdb = 27| == —
conserve E, ang. mom L ; 4mep” ) 2tan(6/2)sin*(0/2)
Ap, = 0 because of symmetry, do  (22e*m Y 1 7e2m ) 1
only Ap, matters; = T =
, _ dQ | 4ne, ) 4p*sin*(0/2) \ 2me, ) |p'-p|
integral over 3, the angle wrt y;
if attractive force (e.g. +-), M —>
the other focus of the hyperbola. 40 = 2715in6d0 = 475in(6 2)cos(0/2)d0
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Rutherford scattering: more math

Useful formulas

z7¢e’°

dy, =r,(b=0)=—2"
’ 21, mv’

“ 'min 2
2 sin(6/2)
ds _ df od;
dQ 16sin*(0/2) 0*

~
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[if force attractive (e.g. +-), F > —?, then 6 —
—0, but everything else equal, e.g. same do/dQ;]

consider a particle p, with b=0 — 0, = 180°;

define d, = "distance of closest approach” the
r..., for it (when r=d,, the particle is at rest);

d, is easily computed from energy conservation;
define d, = (zZe?)/(2me,;mv?) also for b=0;

write 0 and do/d(2 as functions of d;%

define d as r_,,, when b#0;

d is computed from E and [ conservation [hint in
the box, v, is the velocity in d]:

L conserv —>mbv =mdv, >v,/v=b/d
E conserv — %mv’® =%mv, +2Ze* /(4ne,d)=
=Ymv, +%mv’d, /d

—(vo/v) =(b/d) =1-d,/d—

—d’—dd,—b*=0—>d=....

X



Rutherford scattering: do/dQ

- ™ in _
do/dQ (barn/sr) ES" = 8 MeV

1051t [1 barn=102¢ m?
=100 fm?]
104
b [
0—|do|
102
_ J

e [the calculations above are *NOT* difficult in 10°

math: Newton could have done all 200 years

. , 10?2 :
earlier, had the correct model been made]; Aluminur, Z=13 Silver, Z=47
* the real difficulty was to assess whether the 104 | | | | |
matter is soft and continuous or granular and 0° 30° 60°  90°  120°  150° o 180°

”empty";

* b large —> 6 small > do/dQ — o [cutoff o check that yield o thickness of Au foil;

provided by other Au nuclei. e other nuclei : check that yield oc Z2 [roughly];

A long and thorough investigation: * however Rutherford model clearly inconsistent

* 1909: found some events 6 > 90°: big shock; in its "planetary" part: acceleration of charged
e 1911: falsification of the Thomson model, electrons — radiation — collapse;
correct assumptions, check of do/dQ in the e after birth of QM, Rutherford computation
range 30°-50°; redone in Born approx : — same do/dQ [big
e 1913: check of do/dCQ in the range 5°-150°; luck ] + no more inconsistency [next slides].
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6/7

Rutherford scattering: R

1014

Gold, Z=79

Aluminum, Z=13

Silver, Z=47

1015
OO

30°

Paolo Bagnaia - PP - 02

60° 90°

120°  150° 0 180°

How large is the nucleus ?

nucleus

[remember the Gauss' theorem]

if the o trajectory is completely external to the
nucleus, it does *NOT* probe its (possible) structure;

the Rutherford experiment could only limit R

10 m [still an important result !;

nucleus

<

to "see" 10> m — probes with E,,, > 20+30 MeV.

10-12

dy (m)

10-13

1014

1015

Aluminum, Z=13

Gold, Z=79

non-
relativistic ?

Silver, Z=47
. (MeV)

10




4 I\

e plot [A]l: b and r_,, could *NOT* be measured . [(z=2,A-4) - Pb(z-82,A=207)
directly for each event, but Rutherford point-like o 0=60°, as a function of E"
law (rpl) relates b <> 0; in fact by, <> O, [Rev.Mod.Phys 33, 190 (1961)]
e plot [B]: the Gauss' theorem predicts a deviation AN
from rpl, when (EX" large) — (r.. < R ews) = \\,
shielding — "smaller 6"; _ 10"~ “\\:{“ GORRECTED
e plot [C] (1961 !!!): a "Rutherford-like" scattering o.- :é: A ":‘EtiiVE S
Pb; at 0=60°, deviation for EX" > 25 MeV; % Lo TS
e at high 0, point-like target — larger o, soft target 5‘1’3 i 1.
— smaller o (deviations from rpl related to size of °r ; A
target) [please, remember]. ; °
| .
| L]
B :
I T S
N ALPHA-PARTICLE ENERGY(MEV)
Ab rE N
o { e / Q. find r_for Pb, 6 = 60°, EX" = 25 MeV
L e + A. r. =[¥ formula] = 14 fm.




Define a "Newton photon" (y,) as a very light
classic corpuscle with speed "c", which carries
light [remember Newton theory of light].

Q: is yy deflected in a gravitational field ?
how much ?

e [careful: vy is *NOT* a classic e.m. wave,
which follows Maxwell equations in vacuum];

e the answer is "yes" (!!!): in a gravitational
field, all bodies are accelerated, independent
of their mass (Galileo experiment);

e compute the scattering a la Rutherford, then
send m,—0 [see box];

e the question is almost meaningless, but the
answer is interesting; in general relativity:

Ogq = 4GM/bc2 = 20, (111).

[see Perkins, Particle Astrophysics, pag. 159].
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N

47’[80 Rutherford
/Coulomb

0 GM m’
tan—N:GMmT — TZ:
pb b mc

GM [not dependent

bc?

onm,ifm=#0

2GM
bc? |

0, small — |0,




kinematics

4 I
This is a collection of kinematical computations. It is — ) —
probably useful to have all in the same place. Notice that e N e H
here we work in the LAB sys (= N at rest), not in the CM.
Nucleus (E, p")
This chapter (and many others) deals with scattering. (M, 0)
A "probe", usually assumed point-like (e.g. e*) hits a —o—> QO & >
hadronic complex system (a nucleus) [see box]. Electron e~
(E, ) .
In the final state, the probe emerges unchanged, (Ep png\
while the nucleus may or may not survive intact:
* elastic scattering, when the nucleus is unchanged,
i.e. identical initial and final state particles (W=M); N .{(E, p; m) [init.]
electrone™:¢ =~ .
e excitation, when the nucleus in the final state is (E', pﬁ, ) L]
excited, i.e. heavier (W = M* > M); (M, 0; M) [init.]
had. sys. (E 5. W) [fin.]
e a new hadronic system, with n particles (i=1...n): He Pus '
Ep =2t E; Pr= 21 P;;
_ _ p+0=p'+p,;
W = \/(EH)z—(pH)z - IVlhad. Sys. > M. 4-mom cons. — P 0 P Py
L : E+M=E+E,.
The underlying idea is to study (understand ?) the
J

structure of the hadrons by observing the scattering.

o ¥
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* To begin with, assume elastic scattering,

i.e. "H" = N;
* Define, in the target nucleus ref.sys. :
(E, p; m) [init]
(E, p'5 m) [fin]
{mm 0; M) [init.]
nucleus _
(E,, Py M) [fin]

electron e* :{

p+0=p'+p,;

e 4-mom cons. —
E+M=E"+ E,..

* The relation between the observed quantities
(E, E', ) is [next slide] :

1 E E =1
E'= = ~p'l;

E 2E
1+—(1—cosO) 1+ —sin’(0/2
+M( cos6) I\/Ism( /2)

* Therefore, for known initial energy E and fixed
M, the final state is defined by one
independent variable (E' or 0).

~

-
e N—>e™N
Nucleus (E, P’
By} /
—eo—=> QO £ >
Electron e~
(E, p) N
(Ews PR

E/Msmall > E'~E o
— py = 0 = no recaoil,

E'/E independent of 0.

1.0

09
0.8 |
0.7
0.6 |
0.5 |
0.4 |
03 |
02 |
01 |

------ E=10GeV,A=1
------ E=0.5GeV,A=1
— E=10GeV,A=50
= E=0.5GeV,A=50

0.0




N

kinematics: elastic scattering -E'vs 0 4%

e (E p;m); e, (E,p5m) '\1:;'%“)5 (E"y
Ninit (M,O,M), H (EHlﬁHIM)I —_— —> <'> 0 >

fin

Electron e~
(E, ) S
4-momentum | E+M=E+E, >E,=E+M-E}; (Eqy Py)
conservation | p+0=p"+p, =P, =P—P"; > o
STETEEe (E4) —(By) =M’ =(E* + M’ +E”+2EM—2EE'-2ME') - (p” +p" —2pp'cos0);
subtract " " ’

Ultra-relativistic approx. | " =" + M + K"+ 2EM—2EE'—2ME'— £~ — K+ 2EE' cos 6;
(m, <<E,E') > (p~E,p'~E')|0 =EM—EE'-ME'+EE'cosO=EM—E'[E(1-cos0)+M |;

EM E NB — The reaction is planar (why?). The final

El = = .e.d.
M+E(1—cos0) 1+2—Esin2 0 A state is defined by 6 variables. There are 3
(E, p) conservations and 2 (m2=E2—p?) rules.
g Therefore: 6-5=1 independent variable.
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—

p', m, M, 0);
[m=m,_small > E=|p]|, E'~|p'|]

e in the following, (E, p, E,

* new (not independent) variable:

— — >

q=p—p'| "'momentum transfer";

:E/M small>p'=p— |6||:2||E5|sin(9/2)]

g Ep—p| I::(E—E|,5—5'):|;
Q° =—qg*=-2m: +2EE'-2|p| |p'| cosO
~ 4EE'sin*(0/2) [defined - Q° >0];

o EM _ EM
M+2Esin®(6/2) M+Q*/(2E")
2K'EM

= MO — 2EM=2E'M+Q°
_|_

—|Q* =2M(E—E")

\.

('« relativistic equivalent (p and p' are 4-mom): |

J

e [for elastic scattering one independent
variable — E' = E'(0), Q% = Q3(E')];

Study the kinematical limits:
e 0=0°: E'=E, Q?=0;

o o _M#2E EM _ 2E2
* 0=180%E-F = B roF ~ Viv2E - M2k
(E>>M): E=E' =E — E' ~ 0;

e in conclusion E>E'>"0".

e Plot Q* vs 2M(E-E'): only a segment
allowed [useless for elastic scatt., but ...]:

-~

QZ

~

A E'<O
forbidden

0 =180°
E'~0

% \ |

2ME
elastic

scattering

0 >
0 2M(E-E') |




kinematics: why |q|, Q2
The variable q is *very* important:

o [if relativistic, use Q2 or its root VQ2]; Comments:

e it is related to the deBroglie wavelength  « large |q| — large E, but not necessarily
of the probe: A =h/|q]|; the opposite: high-energy & large

e it represents the "scale" of the scattering; distance processes do exist;

e the quest for smaller scales leads
inevitably to larger Q% and therefore to
larger E [> money and resources...]

e i.e. structures smaller than A ~ 1/|q] are
not "visible" to the probe;

e [the uncertainty principle ApAx > h/2
leads to the same conclusion — actually it
is exactly the same argument];

[as usual] sometimes in the literature the
notation is confusing: Q? = —t, see later;

( )

-

e popular understanding: e conclusion:
higher Q> — smaller distance — Q? is an important variable, possibly the

— "better microscope". most important in modern particle physics.
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kinematics: the inelastic case

[in general, &N — €'H (£,€' generic (| orentz - invariant variables: b
leptons); the kinematics is the same, if
E,, Ep.>>m,, mg] ® v=q-P/M=E-E'[=energylost by e ];
[ Kinematical variables (8 N — €' H) : | * Q*=-q° = 2(EE' — pp’cosO) — m? - m? =
' _ 4 EE' sin? (0/2) [= — module of the 4-
* [£'=¢, H=N — elastic]; momentum transfer];
* 4-mom. in LAB sys (= had CM); * x =Q?/ (2Mv) [later : x-Bjorken xg, the

| fraction of the hadron 4-momentum
® = V4 = PI = ? = I. . . .

A5 e =l 12 = 1 B = 0 carried by the interacting parton];
e g=p'—p[asin previous slides];
L a=p —pl > ] y *v=(q:-P)/(p:P)=v/E[=the fraction
~ of the energy lost by the lepton in the

@ target frame];

................. * W2= (p)2=(P+q)P?=M?2-Q2+2 Mv
[=(mass)? of the hadron system in the
final state] : W = M if elastic;

p' (E, p’;m)

v* : q(E-E', p-p'; -92=Q?)

* [with these variables, the (energy)? in
} L the CM is s = (p+P)? = (p'+py)?]

Py (EnPisW) )

@ ® - -
N y [next slide]
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kinematics: Q?, v, x, y, W2 %

( _ . _ . p; p'; PI PH; q, QZ; MI VI XI y; sz
{einit p (E,psm,); {efin p' (E', p’m,); Lorentz invariant; )
Ny P (M,0;M); Nio Py (Ey,Py; W E,E', ... Lab sys (= P at rest).

m << M (safe approx);

q=p—p' =(E-E',p—p');

0
q° =m’+m’ —2EE'+ 2pp'cosO ¥ —2EE'(1—cos0) = —4EE'sin’ (Ej =-Q°;

4 V(B o ™
q-P _(E-E)M , PEEIM _(3)
VE— (E—E'); —
M warning: xg is very
interesting, see later |y ey ZCEELLEEEEEEEEEEED
2 : .
X= ! ; y= i EEM_EE =X; v* : a(E-E', p-p’; -9>=Q?)
Pr (EyBsW)
2 2 (P )2 Mz QZ M }Mass

Wo=py =Pta) =M —Q"+2Mv. - W

N @ () )
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Remarks :

 alot of kinematical relations, e.g.
W2 = M? + 2MEy(1-x);
Q? = 2MExy;
s =M?+m?+Q%/(xy);

* in the elastic case eN — eN [ep — ep], v

and Q? are NOT independent :

W2=M?2=(P+q)’=M?-Q%2+2 Mv
— Q2=2Mv —> Q?/ (2Mv) =x =1;

» therefore (obviously) in the elastic case,

there is only one independent parameter
(E' or 0, choice according to the meas.);

* instead, in the inelastic scattering :

Q2= M2+2 My — W2 =
=2Mv — (W2 -M?) <2Mv — x < 1;

if W not fixed, Q% and v are independent;

* therefore, in the inelastic case, there are
two independent variables;

* in the analysis, choose two among all
variables, according to convenience, e.g.:

(E', 0), (@2, v), (x, y).

p' (E’, ' m)




Redefine the kinematics of the scattering process in
the plane (Q% vs v) [more precisely (Q? vs 2MvV)]:

both are Lorentz-invariant [but usually used in the
lab. frame, where the initial state hadron is at rest] ;

v =E-E'">0<v<E—> onlyabandis allowed;
Q?=4 EE'sin? (6/2) > 0 — only the 1%t quadrant;

X =Q*/ (2Mv) <1 -5 0<x <1 — only "lower
triangle";

y =(q-P)/(p-P)=v/E>0<y<1;

W2 = M2 + 2Mv - Q2 — the bisector x=1 ("/")

defines the elastic scattering, where W? = M?;

on the bisector, only O varies:0=0—>Q?=v =0;
the loci W'? = constant are lines parallel to the
bisector — some of them define the excited states
(one shown in fig.);

at higher distance from the bisector we have the
deep inelastic_scattering (DIS) and (possibly) new

physics.
[see next slide]
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kinematics: deep inelastic scattering %

s B\
A
Q2 | |kinematically
forbidden
reso-
x=1 nances
W2 = M?2 F )
&J x<1
inelastic
X scattering
>
9 y »  2Mv
-

7* (-92=Q?)

PH (EH'BH;W)




kinematics: a summary

\
f p'; m) ) f 4 E'/E=1| |E'/E=0.75 E'/E=0.5
1 7 I; m /
" v~0 v=E/4 v=E/2
EEENR Ielllllllll Q2 y:O y:0.25 y:0.5

A AR

L) ’J% /

Q?=2ME
Py (B Py, W)

elastic scatt.

| enwewe
—1
/

MZ = M? +ME/2

S~

x=0.5

0
0 < vy«<l1

0 < v <E =g
M2 < W2 < M2+2ME

0 < Q?<2ME —

O < E' <E -
0° < O <180° . ’A )

limits (some only if E >> M). Y W2 = M2 +2ME/

You are Kindly (but  strongfy) requested to [ook
carefully to this slide and get used to these variablps,

— 2
J W2 =M2+ME |

2—
2=0

nhigher Q2
THANKS.
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 The scattering o-Nucleus actually takes e similar to the Rutherford formula, the

place between two nuclei (e.g. He**-Au); Mott* cross-section neglects (a) the

e not suitable for measuring a (possible) nucleus dimension and (b) its recoil*.
nucleus structure — replace the o with a ¢ unlike Rutherford, Mott takes into
more (?) point-like probe: electron (e7); account the e™ spin (=) [next slide].

e if the process is e.m., the dynamics of the
eN scattering can be described by the NB The "*" in the definition of Mott* means that the

Rutherford formula (use the momentum "no-recoil" approximation is used — leave it out when
- = . HIF H n F3l n n
transfer qu_p|) [next slide]: the recoil is considered ("Mott*" — "Mott"].

do 42°’E” .. ... . 0
— =———; lal=2]p|sin—.
dQ Rfutf:je Iql 2

e in relativistic quantum mechanics the
elastic  scattering  cross-section Is -

described by a formula, due to Mott :

. Nucleus
{d_c} :{d_c} x(l—stin29j—> —>®
do o do RfUtZe p) Electron e
B 720, 2E 2 L “
P=pl/ Eﬁlﬁ{ do } cos’ v_ lqullcos2 9 ' I
dQ Jruthe 2 | q | 2 Sir Nevill Francis Mott

rford




elastic scattering e-N : Rutherford + g.m.

g.m. calculation

* already computed in classical approx.

e non-relativistic g.m. + Born approx.;

e Coulomb potential;

* negligible recoil;

* initial (i) and final (f) particle as plane
waves [see introduction + box];

e gq=Ap (as usual);

* i and c for the last time;

e V(r=00) does NOT contribute, because
of other nuclei — in the last

integration, do not use the value at
r=c0 [YN1, 135 has a cutoff "u"].
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+

4 )

Zohc . . . _, . _
V(r)=— —; 4=Ap=p-p’ q=|d|=2psin(6/2);
dn V4np"”
. :elpr/h \/V’ — P r/n \/v’ — .
Vis / v / dE' v'(2mh)’

- 1 i o BT =
mﬁ:<\Vf|V(r)|\Vi>:§J‘e P (F)ePT P =

=-—”jzahc 42 drsinBdOde = — Z;czahg

2 ’

q

dG _ 1 |:2ﬂ:‘_‘7‘/l‘2 dn Z:l v'=c,p'=E'/c N
dQ| 4nl A" " dE'V'
_1l|anzar’c| VE? V [4Z%a’RE”
20|V o | 2n°c’hP c q'c’

I:nd(p_[: rd rfldcos Qe'arcost/h — ZTEJ.:er'_rreiqt/ﬁdt [t=rcos0]

o 4mth®

_ 2mh ‘"”dr(eiqr/h _ o iar/h ) _ 27 ﬁ[eiqr/ﬁ 4 eiar/h :|r_0

iq -0 iq iq




The cos?(6/2) factor in [do/dQ],,,; cOmMes

from Dirac equation; it is understood by f - |

considering the extreme case of 6~180°. (E,/p/

For relativistic particles (3—1), the helicity h — 6 >

(the projection of spin along momentum) is (E, p) . P)

conserved :

h= _}S .p_> . g Y,
|s|-Ipl

The conservation requires the "spin flip" of
the electron between initial and final state,
because the momentum also flips at 6=180°.

In this condition, the angular momentum is
NOT conserved, if the nucleus does NOT
absorb the spin variation (e.g. because it is
spinless). Therefore the scattering for
0~180° is forbidden.

The factor cos?(6/2) in the Mott formula is
connected to the spin and describes the
magnetic part of the interaction.




elastic scattering e-N : experiment

N . . 700 - + 12 + 12/%
Is the experiment consistent with the - b, = 495 MeV/c etC—oe }c
kinematics of the elastic scattering ? b 5003_ | If?=65-4°f ? =
c - ql/h =2.68 fm~ =1
Get e + *°C data. q>J E 12C* excitation S
The plot of the number of events, for D SO0 energy
: . , o -
fixed E; .. at fixed 0, shows many peaks: Ny
e the expected elastic (E' = p' = 482 -g - N33
B =
MeV), S 300 [ 3% g |
: . . < i © - 3
e a rich structure, due to inelastic 500 s O3 E
scattering: g == 2 3
: o -
. 4/14/. &) [
[12C* = excited carbon, mass M*]. "”einz. 8 N P T TR T A s
450 455 460 465 470 475 480 485
p' (MeV)
( ) * the expected elastic [e + 12C — e + 12C] is there;
Nucleus (E, pg * but "more things in heaven, than in your philosophy";
—>0 > * back to elastic scattering !
Electron e~ ] ] ]
_ * kinematics ok, dynamics ?
(E'» P')
N i J — measure do/dQ vs 6 11!
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e The experimental do/dQ agrees with the
Mott cross-section only for small |q]; 10-28 ————
e otherwise, the cross section is smaller; e+¥C
E =420 MeV
* possibly the reason is the structure of the 10-30 (Hofstadter, ’50) 2
nucleus, which results in a smaller J - h°’:‘°:' sphere
. . . — real shape
effective charge, as seen by the projectile ocO4
(Gauss' theorem); = d0s the shape with
— define the form factor [F(q)], as the E Z?Jaerfor;'(rr‘)'ma 15
Fourier transform of the charge 1 - '
S 022 I _
distribution function p:
p(X)=Zef(X), [fRM’x=1; G=p—p"
1033 =
Xj 0 ~51°,
Fla)= J. f(X X\ ri=q/h~1.8fm?
. - - - 03t : "
(%) = 5() — Fd) = L . oW
@ _

« if p(X) depends only on |X| [next slides]:

e
40 ], [ dQ e S

form factors are
measurable, at

least in principle.

[in the following, we will discuss only
the case with spherical symmetry
p(r), when F(q) depends on gq=|q]|].



form factors: q.m. definition =

( )

V(F) =—[dF" ZO“:C (_ r)

g.m. calculation [Thomson, 166]

U

non-relativistic g.m. + Born approx.;
e Coulomb potential; W — oPXE) 7 [ v, RNV

* negligible recoil; ~ 1 ¢ e 55 e
o initial (i) and final (f) particle as plane M; :<Wf |V(r)|\|1i>:§je RS

\l;vav]c.es with A << nucleus size [see little :_l i1 Zof(r") S
ox1, VI anfr -
0 iharge distribution f(r), normalized to :_1 e ar ZF(F)
_); o ' Y 4TC‘F—F'
e g=p—p' and F(g?) as defined before.
— _i iGR 3 =\ AigT g3 | |
[ V_[e n‘ ‘d R] Uf(r )" d°r ]—
s N — Mfrlmint Xf(q )
{dc} {dc
- || — = —
Ao lo: Lae

F
N y . Y =volume
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In principle, the function p(r) may be
computed by measuring F(g?) and then,
e.g. numerically'

(

However, the range of q accessible to
experiments is limited; therefore, the
behavior of F(qg?) for g? large (i.e. r small,
the interesting region) has to be
extrapolated with reasonable assumptions.

p(r)=

In the next slides, examples of p(r) and
F(g?) are computed (e.g. the case of a

homogeneous sphere of radius R).
4 )

7

Compute the symmetrical casel?); neglect the
nuclear recoil :

Fla) =< [e " fRdx = [R=1) >

ZTC o 1 iquOSO

=—| f(r) rzere !

qr
_my ]‘(r) r zi{e O }dr—
S* 2iqr

dcosO =

_Am e , sin(ar/n)
- 0]‘(r)r o/ d

S:47cjooof(r) r’dr  [=1if normalized];

(1) do/dQ, both Rutherford and Mott, is scale-
independent. However, if p(r) depends on a
scale (e.g. by a sphere radius), form factors
break the scale invariance of the dynamics.



form factors: examples
HGE () ) v

1
flr) = (207

2 _% 3 2y _ * 2 sin(ar/n)
[ Flo')e " d’q F(o')=4n| f(r)r o

Charge
distribution

~ example

point-like d(r)/(4m) " constant 1 N et

F — a
exponential e(:?(;/(?:r)) ¥_, dipolar (1+g2/a2 h 2)2 ¥ D
gaussian e[j;{(.?:z;zz]) L gaussian ?;52[;35)/] E oLi
horu. | i) er, |Fenaama |
et |y [ |

Fermi (Woods-
Saxon) function
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Homogeneous sphere with unit charge : By comparing the first minimum with the
3 experiment of 12C (q/A ~ 1.8 fm™), we get :
= <
o =f()=1""amm R R~4.5r,, =4.5/1.8~2.5fm
0 r>R i.e. 12C is approximately a hard sphere with

radius of 2.5 fm.

F(@)=4n[ f(r)r sinfar /7).

ar/h 2R ~ 5 fm
:—4nhp°j rsm(qr)dr: [W=£;V_V:@}
q 0 h h h —
3 3 B F4(q?)
4nh poj wsinwdw = 4nh3po [sinw — wcosw]W = \
q

q le-01
3
:47ch3po Sin(ﬂj—ﬁcos(q—Rj _
q h h h
l

— H 1le-03 \
h h
ifqR/A[=t] >0 first minimum :
F=3/[(t—t3/6)- qR/h = tan(qR/h) _
0

— t(1-t%/2)] = 1. — gR/A~4.5




Study the behavior forq —> 0 : The parameter <r?> contains the
, jarcosd , information of the charge distribution.
Flq )=”J.e " f(r)r*drdcosOdo =
1+i%cos€)— Fq?)
:Zrcrof(r)rzdrj1 ) dcosO = \ T2 Fo<r>
0 -1 1(qr) )
——| — | cos"0+...
2\ 7 ]
—4choof(r)r2dr+O—4—nq—zjwf(r)r4dr+ =
- 0 6 hz 0 cee I R
19°<r’> |
=l-——+..
6 K /”\
. 2 2 09\ 3y — * 2 2 R/h
with <r” >= ”Ir f(x)d’x 4njo r*f(r)r°dr. qR/

-

N
Simple problem : check that for the
homogeneous sphere, both directly
and from the definition :

=0 \<r2> = 3R?/5.

dF(q’)

ie. <r’>=-6i _
dq

J




s

<
Simple problem : check that for the
homogeneous sphere, both directly
and from the definition :

\<r2> = 3R?/5.

\FZ(qZ) Fro Fo<r>
() =[x =2 -
_4nm R™ 4an+3 3
V n+3 n+3 4nR° /\
5 [\ .
——— R" ‘ \
n+3
= 2\ _3
2 <r2>—5R2 x /\

gR/h
[ged, too easy to enjoy]



The limits g — 0, — o have a deep meaning:

= g is (approximately) the conjugate variable
of b, the impact parameter of the
projectile wrt the target center:

— for g very small (i.e. b very large), the
target behave as a point-like object;

— for g quite small (i.e. b quite large) it
behaves as a coherent homogeneous
charged sphere with radius V<r2>;

— large q probes the nucleus at small b;

= "new physics" (a substructure emerging at

very small distance) requires very large q,
which in turn is only possible if a large
projectile energy is available.

The same story has repeated many times,
from Rutherford to the LHC, but at smaller b
(i.,e. larger q). This fact is the main
justification for higher energy accelerators ...

. and (unfortunately) larger experiments,
larger groups, more expensive detectors,
politics, troubles, ... [the usual "laudatio
temporis acti”, forgive me]

\P(qz)

FrloFo<r>

gR/h




form factors: shape of nuclei

Summary of systematic study of the form e light nuclei (*He, ©’Li, °Be) more

factors for nuclei [just results, no details]: Gaussian-like;
* heavy nuclei :  all these nuclei have spherical symmetry;
»NOT "homogeneous spheres® with a  , |gnhthanides (rare earths) are more like
sharp edge; ellipsoids [think to an experiment to
> similar to spheres with a soft edge; show it].

> charge distribution is well reproduced
by a standard Fermi function :

Penarge(r) = Po / [1 + & F9/2];
> for large A (see figure) :

¢~ 1.07 fm x A3 ["radius"]

a~0.54 fm ["skin"];

- Barrett and Jackson, Nuclear Sizes
and Structure, 1977

0,10

ole/fm3]

oc Al/3

\Y cA—>cCcrr

nucleus nucleus
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Compute the nuclear densities of p and n > in fair agreement with "c" [previous
[a, pq=da/dV, m,p,=dm_ /dV] : slide] and with the slope of the fig.:
e assume in the nucleus homogeneous Ro®P =1.23 fm.
and equal distribution of p and n;
e then:
> Pq= P, = proton density; i
> p, = neutron density = p_; o
5
> pr=nuclear density =p, +p,;
* compute : o T
>pszp+pn=pp+Npp/Z=ApQ/Z; i: e
> A =V p;=4n/3 R3p; 4
de Jager et al.,, Atomic data and
> p;= 0.17 nucleons / fm3 1 Nuclear Data Tables 14, 479 (1974).
(from p, of previous slide); :
0
4 4
. TR ="TRA
3 3
_ 3 ~1.12 fm. for light nuclei, the model is
%/K 47:pT NOT valid: do NOT plot them.



Probing smaller space scales requires larger
energies, both in the initial and final state
[today experiments work at the TeV scale —
~108 m =103 fm].

High-energy + q.m. corrections to the
Rutherford formula [1°t already discussed]:

e consider the electron spin [Rutherford had
only bosons !!1];

 include the target recoil in the Mott cross
section [Perkins-1971, 197];

e use 4-vectors p and p’ to describe the
scattering [instead of p and p'l]:

q’ :(p—p')2 =2m’ —2(EE'—\5\ p'
~—4EE'sin®(0/2);
Q* =—q* =~ 4EE'sin®(0/2).
e for scattering eN, consider the magnetic

moment of the nucleons, by introducing
the parameter 1=Q?/(4M?) [next slide].

cos@)

-

{d_c
dQ

{d_c
dQ2

{d_G
dQ2

{d_c
dQ

Description of the scattering

:|Ruthe

rford

*

Mott

i|Mott
:|point,

spin’

\Lno electron spin, no recoil, no magn. moment

422a2E|2 .

o

\L+ electron spin

)
— X
dQ Ruthe

rford

\L+ recoil

.
dQ Mott

\L+ magn. moment

{d_c} x| 1+2
dQ Mott

~cos*(6/2

N

A Y




For particles of mass m, charge e: > sin%(0/2) [cfr. the "Mott* factor"];
> point-like, > 1/cos?(6/2) (to remove the non-flip
1 1/ .
> spin 7; dependence);
the Dirac equation assigns an intrinsic > W2 (oc 1/M2);
magnetic dipole moment > Q2 (mag field induced by the e )?;
uc=geh/(4m); do do Q’ 0
g = "gyromagnetic ratio" = 2; g [_} | :[_} X(1+2 s tan’ _)-
dQ point, dQ |\ AM 2
« an ideal "Dirac-electron” has a magnetic
dipole moment e Therefore the spin-flip is particularly

u. =eh/(2m_.) = 5.79 x 10~ eV/T; relevant for large Q? and large 0.
e el ~ - ;

4 )

electron spin

the first measurements roughly
confirmed this value.

for neutral particles (neutron ?) n, = 0;
"Dirac electron"

this effect adds to the cross-section a
term, corresponding to the "spin flip"
probability, proportional to [Povh 8 6.1]:

electron magnetic
dipole moment p

J




In the nuclei and nucleons sector the
experiments measured the following
guantities :

© nuclear magnetism is a combination of
the intrinsic magnetic moments of the
nucleons and their relative orbital
motions;

© all nuclei with Z=even and N=even
have Mnuclei = O;

> define for the nucleons (proton and
neutron) the Dirac value
Wy = eh/(4my) = 3.1525x104 MeV/T,;
> if p and n were ideal Dirac particles,
they should have
Hp = 21y, Mo =0,

i.e. in conventional notation
gp/2=up/uN=11 gn/2=o;

® instead, experiments found anomalies
8,/2 = +(2.7928473508+0.0000000085),

g,/2 =—(1.91304273  +0.00000045);

© therefore, there are other effects
which contribute to the magnetic
moments, i.e. p and n are NOT ideal
spin-% point-like Dirac particles;

© [maybe] they are NOT point-like;

© in this case, their "g" is due to their
(possibly complicated) internal
structure, in analogy with the nuclear

case.




In the eN scattering, the main contribution
is from single photon exchange [see fig.].

The eey* vertex is well under control, with
three point-like, well-understood particles.

Instead, the NN'y* vertex is the unknown,
due to the internal structure of the proton.

Strategy : assume a simpler process (N =
Dirac fermion), compare it with exp., then
modify the theory, inserting parameters

and the nucleon.

"Generalize" the cross section by defining
the Rosenbluth cross-section, function of
TWO form factors, both dependent on Q?:
* G,(Q?) forthe electric part (no spin-flip);
* G,(Q?) for the magnetic one (spin-flip).
[formerly : G,(Q?) = F(Q?), no G].

For a charged Dirac fermion [, proton,
neutron :

>fy 1GLany Q%) =1, G (any Q?)=1;

Lwhich model the nucleon structure.

Take also into account the spin and
magnetic moment, both of the electron

>p :Gp(Q2=0)=1, G (Q*=0)~ 2.79;
>n :GMNQ?=0)=0, G (Q%=0)~-1.91.

-

2 2
[dc} :[dc} y GE+TGM+ZIG§A
dQ) |rRosen dQ Mott 1+71
bluth
Q2
TV G:=G(Q");  Gy=

0
tan’ —j;
2




e-N scattering: remarks on ox_ .. piuth +

A non-exhaustive personal classification*)
of "physics formulae":

The "Rosenbluth formula" is another type
of math-logical relation:

1. "principles" [F = m3] — They require the  * it is a model, which includes some
a-priori knowledge of all entities constraints (e.g. the 0O dependence

involved; not direct empirical laws;

. "natural laws" [the gravitational/Hooke

law] — (semi-)empirical descriptions of
the behavior of the Nature;

. "positions" [K = ¥4mv?] — They define a

new entity, using other well-known
entities;

cannot be modified);

but it is "open" (e.g. G¢ and G,, depends
on the unknown Nucleon structure);

it contains in-se no full predictive power;

but it is a powerful working tool to study

the phenomena and incorporate new

knowledge in a (quasi-)formal theory.

4. "theorems" [the Gauss law] — Relations

" A "frontier" approach, quite common in
among well-known entities, math

modern research, which requires some
care by the users/students.

d G’ +1G’ 0
:{ G} x| 2T M 4 2162 tan’~ |.
o 1+1 2

derived from other laws;
5. ... other types (??7?) ...
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Proton structure: Mark 3 Linac

Mark 3 electron Linac - Stanford University — 1953
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N

{ \ELEGTRON BEAM

B

\ [Gns TARGET CHAMBER
]
-

=T J

.
~ 3

\\\.‘.
. MONITOR

SPECGTROMETER
AGCEPTANCE ANGLE

BEAM CONVERGES FROM
MAGNET AT DISTANCE OF 9 FEET

TEST ABSORBER

EVACUATED n
SCATTERING CHAMBER

MYLAR
WINDOW

SPECTROMETER ENTRANCE SLIT

POLE FACES OF
DOUBLE FOCUSING SPECTROMETER
{SCHEMATIC)

Stanford - 1956

Proton structure: setup

Robert Hofstadter
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MAGNETIC PROBE

o

ENERGY DEFINING
SLIT

DEFLECTING MAGNET

E IOFT I

MAGNET
SECONDARY ELECTRON
MONITOR

/ L |

REFOCUSING
MAGNET-

/VACUUM PIPE

— o

L -

FARADAY CUP\

SHIELD PLATFORM

DETECTOR
smsr.nj %[

L

]

e

VIEW A-A




Proton structure: Mark 3 detector

4 N N
Hofstadter et al., Phys. Rev. 92, 978 (1953)

p(e”) =125 MeV

dN/dcosO (arbitrary scale)

A summary of Hofstadter
experiments, see later
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Proton structure: MAMI-B

e R
Spectrometar A
—r—— Speciromelar B
] Spectrometer C
i T — MAMI-B
Detector [Malnzer
gystem " ——— | [ Mikrotron]
e Shaslding
= \
| Clam
! .
Baam tube i Dipole
Diipale
Magne! support Dipa. modern magnetic
spectrometer
Scattering chamber
Tum takle = Sea,
J-Spectrometer facility
at MAMI accelerator
pd N
~ ~ T
L 12 m J
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In 1956 the Hofstadter spectrometer
measured the elastic ep — ep. It
measured O in the range 35°-138°, and
therefore Q?, using the relations :

E
 1+E(1-cos®)/M’
Q” =2EE'(1-cosH).

El

200

a oL
168 170 172 174 176 IS0 152 154 156 138 140 142 144 146

140

A
/
I
|

120

i
\

[ols]

80

COUNTS

60

40

A

/

20

7 \

N

ENERGY IN MEV

/

g Plot E' for E = 185 MeV at fixed 0 (60°,
1 \S\ 100°, 130°) [in a perfect experiment,
gro AN expect Op;,,)-
%' '\\\ Show the plot 6 = O(E') .
i N
60 Result:
E' Kinematics ok. Experiment under
" control. Study the dynamics.

LABORATORY ANGLE (DEGREES)



Proton structure: results

Show the measured cross section:
e at small 6, Mott (a), Dirac (b), Rosenbluth

with fixed G,G,, (c) and data ("exp. curve") R -
” . \ ELECTRON SCATTERING
o asress 107 (168 MEV LAB)
. | E
* however, for large 0 (i.e. large Q?, small \
distance), the data do NOT agree with ANY \\
theoretical prediction : they are larger than — @
(a) and (b), but smaller than (c); g 10 p{;?j{i”,ﬁ'ﬂgﬁ'ﬂ
e the disagreement with (a) and (b) was & ‘gﬁgﬁgu’“s’
foreseen (proton g, # 2 ); ;;‘ét
. . . . . Lo (] _{ )
the one with (c) is more m’Ferestlng : it = ST CURVE
shows a dependence on Q? (i.e. on scale) Z o HI‘\
. . o o
— the proton is NOT point-like; 2 ‘ EXPERIMENTAL CURVE X7, \‘_
e Hofstadter measured (rrmszx/<r2>, see) : o b) ):\
o
r° = (0.77+0.10) x 1015 m; & — ShRve 1"
a —_ -15 -32 !
Mrms = (1.6140.03) x 107> m. 00 50 70 90 ll0 130 IS0

anc{receivec{tﬁe 1961 Wo6e[@rize m q_oﬁ LABORATORY ANGLE OF SCATTERING (IN DEGREES)
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Werite the Rosenbluth formula, at fixed Q?, :

2 2
[dc} {dc} _| Gt +21G;, tan29 :
dC2 |Rosen dC |0 1+71 2

R
bluth

—> Ratio(E, 0, fixed Q2) = A + B tan?(0/2);

By repeating it at many Q?, the full
dependence can be measured
(SLAC, '60s).

— measure (A, B at fixed Q?) vs tan?(0/2); . .\
— get G, Gy, (G}, G}) at fixed Q2 1.0
(example shown) G §-GP
0.8} ¢ E
0.016
| | I I - Ij
o | @-2shen | ool e, §=G/279
& |
L - I=G"/-1.91)
oal 'y ¢
' ' o2} Mg,
0.012f - F I
- ; 0
f 3 3§ ¢ ¥ ] :
B n
0.010 '\ i NGy |
-0.2
Q A [I.IL'I'S D.J'IEI 0.115 0.2 0.4 0.8 0.8 1.0 B
tan2(0/2) Q% [(GeV/e)?)




e The fig. shows that the electric and ¢ From the values at Q?=0:
magnetic form factors tend to a

dG(q*
"universal" function of Q?, with a dipolar <r’ > fivole =—6h’ ((2 )
shape : L I

p 2 n 2 12
G;(Q’) Gld) e )zG(Q2)= =5 ~0.66 fm’;
: 279  -1.91 a
2\ <r’>, ~0.81fm.
=(1+Q—2j ; A’=0.71GeV’ i
A
1.0

* From the curve, it is possible to derive the G 5GP
function p(r), at least where the 3- and 4- 08 ; -
momentum coincide, i.e. at small Q2. It 0.6 i-g‘ -
turns out : » ﬂ'“i =G /-1.91)

~ — ~ -1 T
p(r) = p, e, a~4.27 fm?, N iFf}'“F :

e The nucleons do NOT look like peinrt-like F L
particles, nor hemogeneous-spheres, but ° S 3 t
like diffused non-homogeneous systems. 0.2 c |

0 0.2 0.4 0.6 0.8 1.0 1.2
Q2 [(GeV/c)?)




{dc} /{dc} _
A€ Joosen /- L A€ Jyon

G; +1G, ’
= E—T'\"—l-ZtGi,ltan29 ;| T= Q2 :
1+t 2 4M

] do do
therefore lim| — = — )
VoONdEd Jpemen - LA g

The form factors of the nucleons show
three different ranges :

1. @ <<my? : 1 small, Gy dominates the
cross section; in this range we measure
the average radius of the electric
charge : <rg>=0.85+0.02 fm;

2. 0.02<Q?<3GeV?:
G; and G, are equally important;

3. Q? >3 GeV?: G,, dominates.

Notice also that, if the proton were point-

like, one would find :

Gp(Q?) = G;,(Q%) =1, independent of Q?

[and in addition would not understand why "2.79"].

-
Ge

10

Q.7

o

09 ¥
08 f

06
05
04 -
03
02
01

Point particle

—— GK-92-
— T
--- LG

00 i
0 10 20 30 40 50 60 70 80

Q? [fm?]

~

[ Point particle
S — "'
- -~ LG

Q? [fm7] )




Proton structure: interpretation

Differences between nuclei and nucleons : r ‘ ~

1. nuclei exhibit diffraction maxima/
mlnlrna;.thls fa_ct Forresponds to charge I
distributions similar to homogeneous
spheres with thin skin; \ . | a

|

2. nucleons have diffused, dipolarly
distributed form factors — exp. charge;, — ’

3. at this level, it is unclear whether the . a

\_ J
nucleons have substructure(s) — need r, g NOT
experiments at smaller value of same scale

distances (i.e. larger values of Q2);

4. [hope that] the structure of the . _
nucleons in the elastic scattering, a. elastic scattering : ep — ep;
described by the Rosenbluth formula, is b

o o . . excitation :ep — e "p*"
an average with insufficient resolution;

(e.g. ep — eAt, At — pmn0);

5. at higher Q?, one can expect a wider

. C. new states:ep — eX*
variety of phenomena :

(X* = system of many particles).
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dN/dE’

MAMI-A (Mainz)
e (H, 1%0)
E =246 MeV
0 =148.5°

Elastic scattering
on 120 nucleons.

ep > eA*.

Elastic peak ep :
E

:1+E(1—cose)/|v|
~160 MeV.

e

elastic on 160.

Nuclear excitations +

E'. (MeV)

Send 246 MeV electrons — water vapor.

The scattering shows a complex
distribution, with different phenomena in
the same plot. At fixed 0 of the electron
in the final state, with increasing E' :

ep — e A*(excitation of p from H);

e p/n— e p/n (elastic on **0 nucleons);
*ep —ep (elasticonH, E'=160 MeV);

ep — e X" (nuclear excitations);

e 180 — e 180 (nucl. exc. / elastic)

The distribution depends also on the
electron energy E and the final state
angle 0.

[Problem: the A* has m ~ 1230 MeV, I" = 120 MeV. In
the plot only the tail of ep—eA* is shown. "Compute"
the effect of the Breit-Wigner in mass in the E'
variable. Is it sufficient to predict the E' plot ?]



Another of these experiments (Hofstadter 1956,
see fig.). Observe :

g 700 t
I e “‘He — X
A. the elastic scattering e *He [expected]; Z =9 E(e) = 400 MeV |
soo—| 0 =45° i,'l @*
- the elastic peak for ep — ep at the same E FLASTIC PRATON PEAK™™™
and 0, shown for comparison [no problem]; ELASTIC ALPHAPARTIGLE PEAK

INELASTIC ALPHA-PARTICLE

BCDEF. the elastic scattering ep / en (p/n acting o DISTRBUTION———— ¢ ~
like free particles) [maybe unexpected, but . QG)\W
understandable]; notice the peak width, due “T (G "‘( s {M‘c'mum_)' \_‘j K
to the Fermi motion of nucleons inside the  oL( f)==_coz-" ™ .
200" 250 300 350 400
nucleus; E' (MeV)
G. the production of m (i.e. of A's), which £ E
enhances the cross section (otherwise F.); 1+E(1—cosG)/M

notice : smaller E' — larger energy transfer
[the new entry in the game].

MT=E/MI=E'T
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Same as before, but 6 = 60°, i.e. larger Q>  Possible conclusions [possibly wrong] :

[Q*~4EE'sin?(0/2)]. Notice : « everything under control for elastic and
* smaller elastic peak, both for (e~ %He) guasi-elastic data;
and (e7p); * the high-Q? part shows no evidence for
e wider ep/en (p/n inside *He) peak; sub-structures;
* (roughly) constant m production (seems * maybe Q? is still too small (or maybe
independent from Q?, as expected for there are no substructures ... 1?);
point-like (?) particles; —> go to even higher Q2 !1!



higher Q?: summary

Follow [BJ 444] to understand the

dependence of do/dQ on Q2 for [ eAent| [eassen )
(elastic) A eN—eN

eA—eA

electron on a nucleus A: A (excited)

e choose the adimensional variable % ﬂ
x=Q%/(2Mv); =

e from (a) to (d), Q2 increases; (a) /\\ (b)
| | > | | >

e "N" includes p(roton) and n(eutron);

(elastic)

do/dQ

eN*—eN* A
* "q" = hypothetical component of the
nucleons (maybe quarks, but we are

(excited) eq—eq
far from conclusive argument). T eNeN L

a) At small Q2 there are both (c) /\ (d)
| > | | | >

scatterings with A and N (see); 1/(‘nN) 1)N 1 i 1/(nN) 1/N 1

do/dQ
ﬁi

do/dQ

. 0 2 .
b) In.ueasmg Q . the eA scatter!ng [just a sketch, not a reproduction of real experiments]
disappears, while the eN scattering -

stays constant;

J

d) finally, at very large Q?, the most important

c) increasing Q?2, the constituents (if process is eq — eq (with all the possible
any) appears as eq — eq; inelastic companions).

e

Paolo Bagnaia - PP - 02




Scattering ep — eX (DESY 1968) :

e Electron energy ~ 5 GeV (higher
than SLAC);

e resonances (R) production ep —
eR clearly visible;

e new region at small E' ( = high W);
* in this "new" region :

> continuum (NO peaks);

> rich production of hadrons;

> NO new particles, only (p n
n's); i.e. the proton breaks, but
(different from the nucleus)
NO constituent appears;

> the constituents, if any, do not
show up as free particles;

are they confined ??? why ???

DESY Elektrosynchrotron — 1968 ﬁ
— 1500 |- {
; 