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The	  Structure	  of	  Ma?er	  
Ø  What	  is	  the	  Universe	  made	  off?	  
Ø  What	  are	  the	  most	  fundamental	  objects	  in	  Nature?	  
Ø  What	  par-cles	  where	  there	  in	  the	  beginning	  (right	  

aLer	  the	  big	  bang)?	  
Ø  How	  do	  they	  interact?	  
Ø  How	  do	  they	  form	  composite	  objects?	  



Ma?er	  Par-cles	  
•  Make	  up	  visible	  ma?er	  
•  Pointlike	  (<10-‐18	  m),	  	  

Fundamental	  *)	  
•  Have	  mass	  (from	  <	  ½	  eV	  to	  

178,000,000,000	  eV	  =	  178	  GeV)	  
•  Dis-nct	  from	  their	  an-par-cles	  *)	  
•  Fermions	  (Spin	  ½)	  ⇒	  	  

they	  “defend”	  their	  space	  (Pauli	  
Principle)	  and	  can	  only	  be	  
created	  in	  par-cle-‐an-par-cle	  
pairs	  	  

•  Can	  be	  “virtual”,	  but	  make	  up	  
ma?er	  being	  (nearly)	  “real”	  

•  “stable” (against	  strong	  decays;	  
life-mes	  from	  ∞	  to	  10-‐24	  s)	  

*)	  Un-l	  further	  no-ce	  

x2	  for	  R,	  x2	  for	  an-par-cles	  

3	  “colors”	  =	  3	  
different	  charges:	  
red,	  green,	  blue	  



Forces	  and	  Force	  Carriers	  
•  Mediate	  Interac-ons	  	  

(Forces)	  -‐	  form	  “Waves”	  
•  Pointlike,	  Fundamental	  
•  Massless	  *)	  
•  Some	  are	  their	  own	  	  

an-par-cles	  	  
(photon,	  Z0,	  graviton)	  

•  Spin	  1,	  2	  -‐>	  Bosons	  	  
(tend	  to	  cluster	  together,	  	  
can	  be	  produced	  in	  	  
arbitrary	  numbers)	  

•  Can	  be	  real,	  but	  carry	  forces	  	  
as	  virtual	  par-cles	  

•  Some	  are	  absolutely	  stable	  	  
(γ,	  gluons,	  gravitons)	  

*)	  See	  next	  slide	  

Note:	  gluons	  come	  in	  8	  possible	  
combina-ons	  of	  color/an-color	  	  
(9th	  is	  “sterile”	  –	  doesn’t	  exist)	  



Interac-ons	  

•  Ma?er	  Par-cles	  interact	  with	  each	  other	  by	  
exchanging	  Gauge	  Bosons	  

•  Strength	  of	  Interac-on	  determined	  by	  coupling	  
(“charge”:	  electromagne-c	  e,	  weak	  g,	  color	  αS)	  

•  Range	  of	  interac-on	  determined	  by	  mass	  *)	  of	  
gauge	  boson	  and	  Heisenberg	  uncertainty	  principle	  

•  Examples:	  	  
–  e-‐	  e+/-‐	  sca?ering	  (E&M)	  
–  neutron	  beta	  decay	  (weak)	  
–  quark-‐quark	  interac-on	  (strong)	  

•  Confinement	  
•  Asympto-c	  freedom	  
•  Mesons,	  baryons…	  
•  Nπ	  interac-on,	  NN	  interac-on	  

*)	  Huh?	  See	  next	  slide	  



Higgs	  Field	  

•  Create	  “Drag”	  on	  Par-cles	  (“Molasses”)	  
•  *)	  Origin	  of	  Mass	  	  

Makes	  some	  gauge	  bosons	  very	  heavy	  
(W’s,	  Z’s)	  and	  therefore	  short-‐range	  
(“Weak”	  interac-on)	  

•  Origin	  of	  electroweak	  symmetry	  breaking	  
•  Pointlike,	  Fundamental	  
•  Bosons	  (Spin	  0)	  
•  Three	  massless	  (“swallowed	  up”	  by	  W’s,	  

Z’s);	  one	  very	  massive	  (125	  GeV)	  
•  Discovered	  in	  2012	  at	  CERN	  



The	  LHC	  at	  CERN	  

•  See	  also	  the	  movie	  “Par-cle	  Fever”	  



Higgs	  Discovery	  



Hadronic	  Par-cle	  Zoo	  
-‐	  what	  can	  one	  build	  from	  quarks?	  



Fundamental	  Problem	  of	  Nuclear	  and	  
Hadronic	  Physics	  

•  Nearly	  all	  well-‐known	  (“visible”)	  mass	  in	  the	  universe	  is	  due	  
to	  hadronic	  (=strongly	  interac-ng)	  ma?er	  (protons,	  
neutrons,	  pions,	  kaons,	  …)	  

•  Fundamental	  theory	  of	  hadronic	  ma?er	  exists	  since	  the	  
1960-‐70’s:	  Quantum	  Chromo	  Dynamics	  
–  “Colored”	  quarks	  (u,d,c,s,t,b)	  and	  gluons;	  interac-on	  

•  BUT:	  knowing	  the	  ingredients	  doesn’t	  mean	  we	  	  
know	  how	  to	  build	  hadrons	  and	  nuclei	  from	  them!	  
–  akin	  to	  the	  ques-on:	  	  
“Given	  bricks	  and	  mortar,	  how	  do	  you	  build	  a	  house?”	  

•  2	  related	  puzzles:	  
–  What	  is	  the	  “quark-‐gluon	  wave	  func-on”	  of	  known	  hadrons?	  
–  How	  are	  hadrons	  (nucleons)	  bound	  into	  nuclei?	  	  
Does	  their	  quark-‐gluon	  wave	  func-on	  change	  inside	  a	  nucleus?	  

10	  Hadronic	  Physics	  -‐	  Sebas-an	  Kuhn	  



Hadron	  Structure	  
•  Simple-‐most	  (cons-tuent	  

quark)	  model	  of	  nucleons	  
(protons	  and	  neutrons)	  
	  

•  …	  becomes	  much	  more	  
complicated	  once	  we	  
consider	  the	  full	  rela-vis-c	  
quantum	  field	  theory	  
called	  QCD	  
	  

valence quarks sea quarks, gluons  

 orbital angular momentum correlations 

meson cloud 

quark spin and motion 

QCD	  =	  Quantum	  Chromo	  
Dynamics	  =	  theory	  of	  strong	  
interac-ons	  between	  quarks	  
and	  gluons	  



⇒ Our 1D View of the Nucleon 
(depends on energy ν and wave length of the virtual photon ∼ 1/Q2) 

.	  .
	  .	  

W	  =	  final	  state	  invariant	  mass	  =	   M 2 + 2Mν −Q2

•  Elastic scattering 
(Whole system recoils, x = 1, W = M) 

•  Resonances  
(x < 1, W < 2 GeV) 
 

•  Valence quarks 
(x ≥ 0.3, W > 2 GeV) 
 

•  Sea quarks, gluons 
(x < 0.3) 
 

•  “Wee Partons” 
(x → 0, Diffraction, 
Pomerons) 

12	  

x	  =	  energy	  frac-on	  of	  hit	  object	  =	  Q2/2Mν	  



The	  Future:	  3D	  Partonic	  
Structure	  (Holography)	  

Tradi-onal	  “1-‐D”	  Parton	  
Distribu-ons	  (PDFs)	  
(inclusive,	  integrated	  over	  many	  
variables)	  	  

h = ±1

s


k⊥

k

3-‐D	  Picture	  of	  parton	  flavor,	  spin	  
and	  momentum	  (TMDs)	  

q(H,

S⊥, x,


k⊥,,h,

s⊥;Q
2 )

q(

S, x, r⊥,,

s;Q2 )

3-‐D	  parton	  orbits	  (GPDs)	  

q(x;Q2 ), h ⋅H q(x;Q2 )

•  From	  1-‐D	  to	  3-‐D:	  

13	  



Nuclear	  Structure	  
•  Even	  more	  complicated!	  

	  
•  Nuclei	  effec-vely	  look	  like	  a	  

bunch	  of	  nucleons,	  mesons,	  
nucleon	  resonances…	  
	  bound	  together	  by	  the	  strong	  
interac-on	  
	  

•  Ul-mately,	  must	  be	  explained	  in	  
terms	  of	  quarks	  and	  gluons,	  as	  
well!	  
	  

•  Quark	  structure	  might	  be	  
modified	  (EMC	  effect)	  and	  in	  
turn	  affects	  nuclear	  binding	  
	   14	  



How	  Do	  We	  Study	  Hadron/Nuclear	  
Structure?	  

•  Energy	  levels:	  Nuclear	  and	  par-cle	  (baryon,	  
meson)	  masses,	  excita-on	  spectra,	  excited	  state	  
decays	  	  -‐>	  	  	   	  Spectroscopy	  	  
(What	  states	  exist?)	  

•  Elas-c	  and	  inelas-c	  sca?ering,	  par-cle	  
produc-on, 	  Reac-ons	  	  
(How	  do	  they	  interact?)	  

•  Probing	  the	  internal	  structure	  directly	  	  
	  Imaging,	  “Tomography”	  and	  “Holography”	  
	  (Shape	  and	  Content?)	  

15	  



Experimental Facilities 
Q
2 	  [
Ge

V2
]	  

x	  

Jefferson	  
Lab	  (US)	  

RHIC	  (BNL,	  US)	  

HERA,	  HERMES	  

CERN	  

Fermilab	  

1	  



Accelerators	  

Surf	  the	  	  
microwaves!	  

Accelera-ng	  cavity:	  disk	  loaded	  cylindrical	  wave	  guide	  
	  	  use	  TM01	  mode	  to	  get	  a	  longitudinal	  electric	  field	  
	  	  match	  phase	  and	  velocity	  

Jefferson	  Lab	  

new	  

old	  

DESY	  

Example:	  Jefferson	  Lab	  

Electrons	  get	  accelerated	  to	  99.9999999%	  of	  the	  speed	  of	  light	  (12	  GeV)…	  



x	   x	  

TOF 
CER 

CAL 

DC1 
DC2 

DC3 

…and	  smashed	  into	  a	  “target”.	  	  
The	  debris	  is	  detected	  and	  measured.	  

Example:	  Jefferson	  Lab	  



Other	  
experiments 	  	  

STAR	  

Panda/Fair	   19	  



The QCD picture of the nucleon

naive picture realistic picture

three non-relativistic quarks
QCD ����������!

factorization,evolution

indefinite number of relativistic
quarks and gluons

Emanuele R. Nocera (UNIGE) Nucleon and Nuclear PDFs March 2, 2015 5 / 42

…and	  what	  have	  we	  learned?	  

•  Begun	  to	  map	  the	  1D	  and	  even	  3D	  mo-on	  of	  quarks	  and	  gluons	  inside	  nucleons	  
•  Developed	  an	  approximate	  solu-on	  of	  QCD	  (La�ce	  QCD)	  that	  can	  predict	  masses,	  excited	  

states	  etc.	  
•  “Sorta”	  understand	  the	  size,	  magne-c	  moment	  and	  other	  proper-es	  of	  nucleons	  
•  Begun	  to	  get	  a	  QCD-‐based	  picture	  of	  nuclei	  
•  BUT:	  Much	  leL	  to	  do	  –	  will	  you	  join	  us?	  

2	  
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FIG. 1: Spin-dependent parton distributions for the �u

+, �d

+, �ū, �d̄ and �s̄ quark flavors and

the polarized gluon �g at a scale of Q

2 = 1 GeV2. The reference JAM fit (red solid) is compared

with the recent AAC09 [9] (blue dashed), DSSV09 [6] (black short-dashed), BB10 [8] (green dotted)

and LSS10 [7] (brown dot-dashed) parametrizations.
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The	  future	  landscape	  of	  Nuclear	  Physics	  
1.  Study how nucleons are made up from quarks (“flavor”, p, L, S -> 3D tomography)	

2.  Study how hadronic quark structure is influenced by the nuclear environment	

3.  Understand nuclear structure and dynamics in terms of quark degrees of freedom	

4.  Study extreme forms of nuclear matter: high energy (Quark-Gluon plasma), high 

density (short range correlations, n stars, “color glass condensates”,…), non-zero 
strangeness (hypernuclei, strangelets, …), large n/p imbalance (radioactive beams)…	


5.  Study fundamental symmetries, neutrinos, nuclei in the universe	

6.  Develop new applications in medicine, energy, materials, homeland security, …	


Jlab	  

Electron-‐	  
Ion-‐	  
Collider	  
(2025?)	  LHC	  

FAIR	  

J-‐PARC	  
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