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Why a new book on this topic

I n 2015 I wa s as ked to g ive a n introd u ctory cou rs e of n u c le ar and
p art ic le p hys ics at u n d erg radu ate (3 rd year Bach e lor ) leve l and I h ad to
face a we l l - kn own con u n d ru m :

At that t ime ( ge n e ra l ly 3 rd ye ar ) th e stu de nts e i th e r h ave a b as ic
background of n on - re lat iv i st i c q u antum me ch an ics an d re lat iv i ty or th ey
fo l low th e s e Q M cou rs e s i n p ara l le l with i t .

The l imi te d background comp a red with what is ne ede d to address
q u ant i tat ive ly part i c le an d n u c lear p hys ics is a t remendous ch al lenge
fo r te ac hers .

So, e i th e r we g ive a b r i sky tou r of q u antu m - f ie ld - the ory to introd u ce
part ic le phys is – leav ing as ide nucle ar phys ics - (qu al i tat ive and
inco mplete ! ) or we re d u ce th e cou rse at a leve l the d oes n ot convey i ts
main message : p art i c le p hys ics i s a d is c ip l in e with a s o l id parad ig m (th e
Stand ard Mod e l ) e stab l ish e d in th e late 7 0s an d st i l l va l id today ( i . e . we
g ive a n o bsolete cou rs e ! ) .



Trying and trying again 

Basic idea: we want to convey the contemporary view to our
students:
• Partic le physics i s a wel l -establ ished disc ip l ine that descr ibes

electroweak and strong forces at elementary level
• Nuclear physics i s a di ff icu lt d isc ip l ine because it represents the

non perturbat ive regime of Quantum Chromodynamics (QCD)
and (to date) can only be part ia l ly der ived from QCD

• Gravitat ion i s enter ing part ic le physics but the lack of a
paradigm for quantum gravity makes the study of gravity at
fundamental level st i l l a major chal lenge

The Standard Model is presented the way it is : the paradigm of
part ic le physics and the foundation of nuclear physics .

At the expenses of the students ☺
(wh o, any way, ap pre c iate d my effor ts s in ce
th e b e g inn in g , s h owing e nthus iasm an d
p at ie n ce for my mistake s )



At the end of the day

I t tu rne d ou t that th is “top - d own ”
ap p roach can b e conveye d to advanced
undergraduate ( 3 rd ye ar Bachelor ) and
Maste r stu d ents

I t i s a “ tru ly modern ” ( L . Votan o )
ap p roach wh ich p ave th e way to more
ad van ce d ( g rad u ate leve l ) cou rs e s on

• Advan ce d part ic le p hys ics ( in c lu d in g
QFT an d p h e n om e n olog y )

• Ad van ce d n u c le ar p hys ics
• Astrop art i c le p hys ics

Togethe r with Oxford Un ive rs i ty Press , we
transform it in a f u l l cou rse , in c lud in g ,
exe rc is es , a compan ion we bs i te and a l l
fe atu res that make th is book a usef u l too l
for stude nts and te ache rs .



A bit of history
Unt i l the 90s , a l l textb ook fo l lowe d a c le ar and s imple approach : they
in trod u ce f i rst n u c lear p hys ics becaus e i t can b e d ea l t wi th n on-
re lat iv ist i c qu antu m me ch an ics . Th e n, th ey int rod u ce th e d is cover y of
“e le me ntary ” p art ic les and a gl impse of th e th e ory be h in d th is (QED, V-A
th e or y, a g l imps e to th e Stan d ard Mod e l )

An  exce l lent  idea  th at  wo rked in  th e  p ast  w h e n th e  Stan dard  Mo d el  was  
st i l l  in  th e  makin g  an d  p ro duced exce l lent  textbooks!

Unt i l  th e  90s  i t  conveye d  stu d e nts  exact ly  wh at  was  exp e r ie n ce d  by  
p rofe s s ion a ls .  I t  s ou n d  n ow a  b i t  o ld - fas h ion e d  b e cau s e  “ Nu c le ar  

Phys ics ”  i s  th e  mo st  c h a l lenging  e nv ironment  to  ap p ly  n o n -
p e rturbat ive  QCD !  Def in i te ly  not the  p lace  to  star t  ☺ ☺

…  and  many  othe rs  …



Teaching the basic of this discipline at 
undergraduate level is a must 

• Any p hys ic ist s hou ld b e aware of the f u nd ame nta l forces an d
con st i tu ents of th e u n ive rse [as th ey be come aware of th e B ig Bang
with ou t maste r in g G e n e ra l Re lat iv i ty ]

• Wh e n th ey e nte r th e Master ’s cou rse , th ey mu st ch oos e a cou rse of
study (s o l id -state , part i c le , astrophys ics , etc . ) . The i r ch o ice s hou ld be
we l l - in forme d .

• Some of th e con ce pts are s o wid es p read th at th ey are n e ed e d to n e ar ly
a l l p hys ic i sts in th e i r work . Common exam p les : rad ioact iv i ty, gamma
rays , f i s s ion , photon or e le ct ron s catte r ing , etc .

Say in g  “yo u  can n ot  fu l ly  u n derstand p art i c le  and n u c lear  p hys ics  yet ,  
b u t  yo u  w i l l  le arn  i t  late r ”  wo n ’t  wo rk!  



Straight to the point
I n 1987 D. J . Gr i f f i th pu b l i s he d “ the f i rst q uant i tat ive t reatment of
e le me ntar y p art i c le th e or y th at i s acce s s ib le to u n d e rg rad u ate s”

Afte r a s hort h istor ica l int roduct ion , h e g ives the bas ic of QFT and
in t rod u ce th e Stan d ard Mod e l . Nu c le ar p hys ics i s le f t to oth e r cou rs e s .



Th e “p a rt i c le d r ive n” ap p roach . Put e mp has is on Part ic le Phys ics and
st ron g inte ract ion s le av in g Nu c le ar Phys ics to oth e r cou rs e s
I t  i s  a  re asonable  co mp romise th at  p ro d uced exce l lent  textbooks  an d  th e  

most  su c cessfu l  to  d ate

. .  b u t  two imp ortant  d rawb acks :  i t  p rod u ce s  textb ook  th at  te n d  to  b e  
too  advance d  for  unde rg raduate s  ( they  are  rate d  “advance d  

u n d e rg rad u ate ”)  an d  g ive  away  a  u n i f ie d  v iew of  f u n d ame nta l  p hys ics

…  an d  many  
othe r  g re at  
textb ooks!

without overlooking the experimental foundation



Setting the stage
Th e op e n ing ch apte r of my b ook re p lace s G r i f f i th ’s h istor ica l int rodu ct ion
with a n ove rv iew of the state of th e art and s ummar izes th e goa ls o f th e
b ook :

• What are the e le me ntar y part i c le s ?
• Wh at are th e f u n d ame nta l force s
• How we d e s cr ib e th e m .



The language of modern physics: covariance

Even i f stu de nts d o n ot kn ow re lat iv i st i c q uantum me ch an ics , th ey d o
kn ow s p e c ia l re lat iv i ty and n on -re lat iv i st i c q uantum p hys ics (*) . We can
get r id of th e iss u e of u s ing n u c le a r p hys ics a s a b r id ge b etwee n
c las s ica l an d re lat iv i st i c p hys ics int rod u c in g th e lan guage o f co var iance

(* )  I n  my  b ook ,  two ap p e n d ice s  re ca l l  th e  b as ics  o f  th e s e  top ics



Filling the gap: the Dirac equation

To go b eyond n on - re lat iv i st i c q u antu m me ch an ics with ou t introd u c in g
QFT, we u s e two te ch n iq u e s :
• We general i ze the Fermi golden rule a l a Di rac us in g the covar iant

fo rm al ism o n ly

(* ) Th e b ook is s e l f - con s istent even i f the teach e r wants to
p ostp on e th e Dirac e q u at ion to ad van ce d cou rs e s .

• We introduce the Dirac equat ion in ch ap.5 together with P and C
symmetr ies . From Chap. 5 on , we p rov id e a n intu i t ive exp lanat ion of
th e con ce pt an d we d e e p e n e ach of i t u s in g th e Dirac e q u at ion (* )



General strategy
• Introduce the concept (e.g . par i ty v io lat ion – Chap.5) using

symmetr ies , the covar iant formal ism and non relat iv ist ic
quantum mechanics

• Provide a sol id exper imental ground about the concept (e.g.
d iscovery of par ity v io lat ion in 60Co – Chap.10)

• Exploit the Dirac equation and class ica l re lat iv ist ic f ie ld theory
to provide a r igorous der ivat ion of the concept (e.g. f rom parity
vio lat ion to the V-A theory, Chap.10)

• Present the corresponding Standard Model interpretat ion
through class ica l f ie ld (e.g . P vio lat ion in the electroweak
theory - Chap.12)

• Postpone the ful l QFT treatment to more advanced course giving
a gl impse in the f inal chapter

(* )  I  was  aston is he d  to  s e e  th at  i t  works  ve r y  we e k!   Wh e n  I  
re a l i ze d  i t  (AY2019 - 20)  I  d e c id e d  to  p u b l i s h  th e  b ook  ☺ .

We used this  strategy for  the most  important 
ideas/achievements  in  part ic le  and nuclear  phys ics  integrat ing 

the experimental  f inding with  the theory explanat ion (*)  



An example: antimatter
Th e d is cover y of th e p os i t ron
n atu ra l ly ar is es f rom th e stud y of
p art i c le inte ract ion in matte r

Int roduc ing ant imatte r f rom
An de rson exp er im ent in stead of
Di rac e q uat ion tu rne d ou t to be
ve r y ef fe ct ive



Another example: from theory (QCD) to experiments

I t  wou ld  b e  g re at  to  take  a  
mov ie  o f  stu d e nt  re act ion s  
whe n I  exp la in  7 .6  (quarks ,  

co lors ,  g lu on s … )

An d  th e  e age rn e ss  to  h e ar  th e  
le ctu re  on  “ Do  q u ark  ex i st? ”  



Nuclear physics as an emergent phenomenon

Nuclear physics is introduced in a very unconvent ional way:
• Perturbat ive QCD provides the UV regime of strong interact ion
• Non-perturbat ive QCD is a (nearly) intractable regime dealt

with :
• Numerica l methods ( latt ice QCD)
• Approximate symmetr ies ( f lavor symmetr ies in the quark

model
• Nuclear physics is the regime where no f lavors but u and d can

be produced (F=2, SU(2) F symmetry)
• The treatment of nuclear bound states (decays, react ions, etc . )

i s thus handled by
• Class i f icat ion of isobar ic states in analogy with quark model
• Semi-empir ica l models : f rom QCD-inspired ( isomult ip lets ,

shel l model) to semic lass ica l (Fermi gas, l iquid drop, SME
formula) models

We  can n ot  int rod u ce  latt i ce  Q C D b u t  we  can  st i l l  p re s e nt  th e  
n u c le ar  m od e l  in  a  m od e rn  p e rs p e ct ive  



Preserve the uniqueness of Nuclear Physics

Nuclear physics is not a “corol lary ” of QCD and QCD has l imited
predict ive power here (yet) . But :
• The student can appreciate that QCD and color symmetry is the

fundamental theory of Nuclear physics
• They become aware that latt ice QCD is a candidate nuclear

physics tool l ike the isospin symmetry. In my book, they have
the same status (approximate methods)!

• We use the Standard Model to introduce radioact ive decays
instead of re-expla in ing them in later chapters

• Astropart ic le physics appears in Chap.11 as a natural fo l low up
of part ic le and nuclear physics

There is  no shame in  us ing  approximate methods in  nuc lear  
physics  because this  is  the real  state -of-the-art ,  and not  a  

student-fr iendly  s impl if icat ion .



A bridge toward graduate courses

The book can be used in Master courses select ing Chap.4-13 and
removing the chapters on nuclear physics , i f needed.
Pros:
• I t contains what needed for an introductory course in part ic le

physics at master level , inc luding the electroweak theory
(Chap.12) , the Higgs mechanism (Chap.13) , lepton and quark
mix ing (“the Yukawa sector ”)

• I t promotes a cr i t ica l att i tude toward the l imitat ion of the
Standard Model , the interface with Cosmology and the physics
of gravitat ion

But (cons)
• I t does not provide students the tools to compute cross sect ions

and decay rates (computat ion of Feynman diagrams)
• I t does not cover advanced topics in nuclear physics and

astrophysics

I t  cou ld  h ave  b e e n  d on e  at  th e  exp e n s e s  o f  an  in cre as e  o f  s i ze  an d  cost .  
You r  fe e d b ack  are  n e e d e d  to  as s e s s  th e  re levan ce  o f  th e s e  d rawb acks



The companion website

A companion we bs i te is now ava i lab le and conta ins e rrata and solut ions
to se lected p ro b lems (30 % n ow, 70 % by s e p 2022 , 100 % in 2023 )



Is it expensive?

Re q u e st  an  in spec t ion  co py :  go  to  th e  OUP 
we bs i te  an d  s e le ct  “ p ap e rb ack ”  

( h t t p s : / / g l o b a l . o u p . c o m / a c a d e m i c / p r o d u c t / a - m o d e r n -
p r i m e r - i n - p a r t i c l e - a n d - n u c l e a r - p h y s i c s - 9 7 8 0 1 9 2 8 4 5 2 5 2



Backup



How to use this book

I t  i s  h op e le s s  to  cove r  a l l  mate r ia l  in  on e  s e me ste r  an d ,  to  my  
kn owle d ge ,  th e re  are  n o  two - s e me ste r  cou rs e s  o f  th i s  k in d .

Us e  th i s  m ate r ia l  to  cook  you r  cou rs e  accord in g  to  you r  wis h e s  an d  n e e d s

Examp le  I  “ ju n ior  leve l  cou rs e ” :

A  on e  s e me ster  cou rs e  at  th i rd  ye ar  (“ ju n ior  leve l” ) ,  a f te r  a  cou rs e  on  
q u antu m me ch an ics .  Th i s  i s  th e  sta n d a rd  in  I ta ly,  Sp a in ,  an d  G e rmany .  I t  i s  

common in  Fran c e,  Swi tzer land ,  In d ia a n d  Ch in a ,  too .

In  d e pth:  Ch ap .  2  (covar ian ce ,  d e cay,  c ros s  s e ct ion s ) ,  3  (d ete ct ion ) ,  5  
( symmetr ie s ) ,  9  (Nu c le ar  p hys ics ) ,  10  (we ak  inte ract ion s )  11  ( rad ioact iv i ty )

P ic k  yo u r  favo r i te  i te ms:  Ch ap .  4  (acce le rator  an d  co l l id e r ) ,  6  ( gau ge  
pr inc ip le  and  QED) ,  7  ( st rong  inte ract ion) ,  8  (Quark  mode l )

G ive  a  f lavo r  o f :  Ch ap  12  (e le ct rowe ak  th e or y )  Ch ap  13(wh ateve r  you  l i ke .  
I  u s u a l ly  take  n e u tr in os )



How to use this book

Examp le  I I  ( “s op h omore/ ju n ior  leve l  cou rs e ” ) :

A  on e  s e me ster  cou rs e  at  s e con d  or  th i rd  ye ar  (“s op h omore  or  ju n ior  
leve l” ) ,  in  p ara l le l  w i th  q u antu m me ch an ics .  Th is  i s  a  common  occu rre n ce  
in  US and  UK .

In  d e pth:  Ch ap . 1 ,  Ap p e n d ix  1  an d  2  (* ) ,  Ch ap .  2  (covar ian ce ,  d e cay,  c ros s  
s e ct ion s ) ,  3  (d ete ct ion ) ,  5  ( symmetr ie s ) ,  9  (Nu c le ar  p hys ics ) ,  10  (we ak  

inte ract ion s )  11  ( rad ioact iv i ty )
Pic k  you r  favor i te  i te ms:  Chap.  4  (acce le rator  and  co l l ide r ) ,  6  ( gauge  

p r in c ip le  an d  QED) ,  7  ( st ron g  inte ract ion ) ,  8  (Qu ark  mod e l )

(* ) Th ey summar ize what is n ee d ed of Spe c ia l Re lat iv i ty an d n on -
re lat iv ist i c Qu antum Me ch an ics . P le as e us e i t on ly i f they are re a l ly
ne e ded : i t i s l i ke ly that your students are study ing thes e s ubje ct in para l le l
with you r cou rs e



How to use this book

Exa m p le  I I I  ( “ Ma ste r ’s  leve l  cou rs e ” ) :

A one s emeste r cou rs e at fou rth ye ar ( “ Master ’s leve l cou rs e” ) , in p ara l le l
wi th q u a ntu m f ie ld th e or y. I t i s an introductor y co u rse o n Part i c le P hys ics .

In  d e pth:  Ch ap .  2  (covar ian ce ,  d e cay,  c ros s  s e ct ion s ) ,  3  (d ete ct ion ) ,  5  
( symmetr ie s ) ,  6  ( gau ge  p r in c ip le  an d  QED) ,  7  ( st ron g  inte ract ion ) ,  10  (We ak  

inte ract ion s )

Pic k  you r  favor i te  i te ms:  Chap.  4  (acce le rator  and  co l l ide r ) ,  8  (Quark  
mod e l ) ,  12  (e le ct rowe ak) ,  13  ( f ront ie r  o f  S tan d ard  Mod e l )

Th is i s th e rat iona l o f hav in g a 450 pages b ook : i t f i ts th e ne ed of a large
au d ie n ce and can b e used by stu d ents b oth in B ach e lor and Master cou rs es
[we are go ing to d o th is in Mi lano B icocca ]


