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The mystery of hadron masses
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m_ = 0.511 MeV

mPositronim — 2me - 6.8 '10 -6 MeV

~2m

Positronim
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Nucleus of a Helium-atom

m_ = 3.727379240 GeV
m_ =0.93827 GeV ; m, =0.93956 GeV

m,~2m_ +2m,

m,=2m +2m,)—28.2956 MeV
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m =938.27 MeV

m =23""7 MeV
m, =48 "7 MeV

m >>2m, +m, =10 MeV

Francesco Giacosa



GOETHE ;
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Rho-meson m . ="T7T75 MeV

Pion m =139 MeV

m_ +m, ~ 7T MeV
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The Lagrangian of QCD and its symmetries

Born Giuseppe Lodovico Lagrangia
25 January 1736
Turin

Died 10 April 1813 (aged 77)
Paris
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Quark: u,d,s R,G,B

Antired

q,=\|4q, |5 i=uds
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U(x)eSUQB)>UU =1, detU =1. U =e""

q,(x) > U(x)q,(x) 4, =4t - U(x)AuU+(x)—LU(x)8HU*(x)
g,

N; |
— = 1 st ) . Y4 a, v
Locp = E q; (i Dy — mi)q; — ZG‘“V T
=1

(A g apa
D/‘L — d’u/ - /LgOA/Jt

Fo = B AR — B Al 4 gof*ALAY, a,be=1,..,B

Ty L
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Feynman diagrams of QCD UNIVERSITAT
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Quark Gluon
Gluon-quark-antiquark 3-gluon vertex 4-gluon vertex

vertex
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No ,colored’ state has been seen.

Confinement: physical states (hadrons) are white.

Painting of K. Malevich: ,white on white’.

Immediate question: bound state of gluons?
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Ny
Locp = th gyt Dhp—mg Jge— ECLG“ A7, Dy = 8y — igoAjt"
=1
Chiral limit: m. =0
My ' — \—1H s aclassical symmetry broken by quantum fluctuations

(trace anomaly)

Renormierung

90 — g(p)

- B(9) ra rraur _ 99
dﬂ']l - T,l/j - 1g (I,lu/(I H 7& 0 B(g) — 'UJ(‘j_/L
Q[:HJ'— 1 A R 250 MeV
2blog Dimensional transmutation

JJl""’r" A
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Gluon-quark-antiquark vertex.

It is democratic! The gluon couples to each flavor with the same strength

g > U4,

UeU@B), > U'U=1
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Right-handed: Left-handed:
. P . p
_> (_
S S
1 ;
9.2 =70 +77)q,
g, =49,z T 4., 1 S
q.. :5(1_7/ )qz

49, =49.,+q,, > U,;),q9..,+WU,) q,,

U,cU@B),; U, cU(®3),
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Ny _
Locp = Z@E—[?ﬁﬂf)# — M )i — 1 %ﬁp(mw , Bg—ly— E-Q'Drlitﬂ
1=1

—g

qiy"D q.=q,,iy"D q.,+q,,iy"D _q,, ischirally invariant
ml.glql. = mjquiL + migiLqiR is not chirally invariant

In the chiral limit (mi=0) chiral symmetry is exact
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UB)xUQB), =U),,, xU1),.,xSU(3),xS5U(3),

R+L

SU(3)R XSU(3)L — SU(3) = 4, —)Uqu]

V=R+L

(9.4.) = (410, + 41900 ) % 0

m ~ 5 MeV — m™ ~ 300 MeV > m

QCD vacuum

Bare quark Effective (or
constitutent)

quark
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m ~300MeV

m_<<2m’

Pion: (quasi) Goldstone boson. mf[ oC (mu +m, )<qq>
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SU(3)color: exact. Confinement: you never see color, but only white states.

Dilatation invariance: holds only at a classical level and in the chiral limit.
Broken by quantum fluctuations (trace anomaly)
and by small quark masses

SU(3)rxSU(3)L: holds in the chiral limit, but is broken by nonzero quark
masses. Moreover, it is spontaneously broken {0 U(3)v=R+L

U(1)A=R-L: holds at a classical level, but is also broken by quantum
fluctuations (chiral anomaly)

Francesco Giacosa



