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❑ Introduction : charm discovery

❑ Charm decays and charm puzzles

❑Mixing and CP parity violation 

Bezmiechowa Górna, 11-20/07/2024

Usual disclaimers: 

Selective and biased introduction

Many simplifications, avoid formalism

Slides from other presentations are

sometimes used without a proper 

reference
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Reminder : leptons, quarks, gauge bosons  &  interactions

EM interaction

Weak interaction

Strong interaction

❑ «Truly » elementary particles: fermions (leptons and quarks) and gauge bosons 

❑ Up-type quark of the second generation : charm 
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Discovery of c-quark

November revolution
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Reminder : leptons, quarks, gauge bosons  &  interactions
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Nikola Cabibbo, 1963 : mix down-type quarks 

Couplings :

s u

W
GF sinqcGF cosqc

d

u
W

Cabibbo angle qc ~13o

to explain the absence of FCNC

prediction of the quark mass, mc ~ 1.5 GeV

Glashow, Iliopoulos et Maiani (GIM) proposed, 1970   
a fourth quark : the quark c (of charge 2/3)
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Nikola Cabibbo, 1963

❑ First building block of Flavour physics, well before many of the SM ingredients 

were clear

❑ Cabibbo theory of semileptonic decays provided the first step towards a unified 

description of hadronic and leptonic weak interactions by reconciling strange-

particle decays with the universality of weak interaction

Photo credit: Monica Pepe-Altarelli, Cabibbo’s family
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Precursors: dimuon measurements at AGS/BNL 

J.H. Christenson et al., Phys. Rev. D8 (1973) 2016❑ Fixed target experiment (no B field)

p + U → µ+ µ- + X, Tp = 22, 25, 28.5, 29.5 GeV

❑ Dense U target

❑ Pion/Kaon absorbtion, steal/concrete absorbers

❑ Angle hodoscopes

❑ Momentum hodoscopes

❑ Dimuon signal – difference between in-

time and delayed coincidences

Observation of Muon Pairs in High-Energy Hadron Collisions, 

J.H. Christenson et al., Phys. Rev. D8 (1973) 2016

Abstract: Muon pairs with effective masses between 1 GeV/c2 and 

6.5 GeV/c2 have been observed in the collisions of 30-GeV 

protons with a uranium target. The production cross section 

was seen to vary smoothly with mass exhibiting no resonant 

structure. 

❑ Inspiration to construct e+e- spectrometer at AGS/BNL

µ1

µ2

θ12
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Studying number of players 
via e+e- cross-section

e+

γ

qe-

q

hadrons

e+

γ

e-

e+, μ+, τ+, u, d, s, c, b, t, … 

e-, μ-, τ-, u, d, s, c, b, t, … 

The e+e-
→ qq detected via decays 

to stables hadrons. 
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❑ Inspiration for the charm quark discovery 

scan at SLAC

The R ratio (July 1974), from J. Otwinowski

Precursors: the R ratio
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❑ ψ at SLAC: arguments to choose e+e- collider

Discovery of charm quark

From Nobel lecture of B. Richter, 1976 
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❑ ψ at SLAC: R value predictions, 

summary by J. Ellis 1974

❑ Energy scan and R ratio

Discovery of charm quark
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❑ J at BNL: arguments to choose proton beam on target

Discovery of charm quark
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❑ J at BNL: detector arguments

Discovery of charm quark



13Introduction to charm physics Bezmiechowa Górna, 11-20/07/2024

❑ J at BNL: proton beam on target, look at invariant mass of the e+e- pairs

Two arms e+e- spectrometer : Tracking (dipole magnets + MWPCs) 

PID detectors: Hodoscopes (TOF)

EM shower counters, e/h separation from 

shower development

Ĉerenkov counters (charged hadron ID)

e-

e+

B

Discovery of charm quark
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❑ ψ at SLAC: scan particle yields (cross-section) 

over the center of mass energy of the e+e-

colliding beams

Ann. Rev. Nucl. Sci. 26 (1976) 89

Mark I detector at SLAC : 

Tracking (cylindrical magnet + cylindrical wire 

chambers

PID detectors: 

Trigger chambers (TOF)

Shower counters (e identification)

Muon wire chambers

Discovery of charm quark
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Computer reconstruction of a 

psi-prime decay in the SLAC 

Mark I detector

❑ ψ at SLAC: scan 

particle yields (cross-

section) over the center 

of mass energy of the 

e+e- colliding beams

❑ J at BNL: proton 

beam on target, 

look at invariant 

mass of the e+e-

pairs

J.J. Augustin et al., PRL 33 (1974) 1406 J.J. Auber et al., PRL 33 (1974) 1404

The November revolution

J/ψ = cc, JPC = 1--



16Introduction to charm physics Bezmiechowa Górna, 11-20/07/2024

Studying number of players 
via e+e- cross-section

e+

γ

qe-

q

hadrons

e+

γ

e-

e+, μ+, τ+, u, d, s, c, b, t, … 

e-, μ-, τ-, u, d, s, c, b, t, … 

The e+e-
→ qq detected via decays 

to stables hadrons. 

=
→

→
=

−+−+

−+

i

iC qN
ee

hadronsee
R 2

)(

)(





❑ Guess on the mass 

❑ Guess on the charge

Discovery of charm quark
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Studying number of players 
via e+e- cross-section

e+

γ

qe-

q

hadrons

e+

γ

e-

e+, μ+, τ+, u, d, s, c, b, t, … ?

e-, μ-, τ-, u, d, s, c, b, t, … ?

The e+e-
→ qq detected via decays 

to stables hadrons. 
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❑ With u,d,s R = Nc x [6/9]

❑ With u,d,s,c R = Nc x [6/9 + qc
2]

Nc = 3 – number of QCD colours

qc = + 2/3 ; (cc) state “J/ψ” of ~3.1 GeV

Discovery of charm quark
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SU(4) weight diagrams for mesons 

composed of u,d,s,c quarks 

SU(4) multiplets of baryons composed of 

u,d,s,c quarks 

Hyper-charge  Y = S + C + B + T + B’,  Gell-Mann&Nishijima: Y = 2(Q – I3) 

Charmed hadrons



19Introduction to charm physics Bezmiechowa Górna, 11-20/07/2024

From Nobel lecture of S. Ting, 1976 

4. CONCLUSION

In conclusion, we can ask ourselves some further questions:

1) We know that the photon transforms itself into p, w, and with a mass of about 1 GeV. It can transform 

into J and its various associated states with a mass of about 3 - 5 GeV. What happens when we go to 

higher and higher energies? It seems very unlikely that there should not be many more new series of 

photon-like particles.

2) The existence of J implies that we need at least four quarks to explain the phenomena observed so far. 

How many more quarks will we need if we find a new series of particles in higher energy regions?

3) If we need a large family of quarks, are they the real fundamental blocks of nature? Why has none of 

them been found?

Discovery of charm quark
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Charm decays
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Charm weak decays, Cabibbo vocabulary :

CFD CSD DCSD

c s

W+
d

u

GF cosqc

GF cosqc

c s

W+
s

u

GF cosqc

GF sinqc

c s

W+
d

u

GF sinqc

GF sinqc

c d

W+
d

u

GF sinqc

GF cosqc

Q: is Cabibbo angle always present at the weak vertex ?
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D mesons (=mesons with open charm)

cos sincc c

c c

s s dq q

   
=   

−   
D0 →π+π-

D0 →K+K-

c d
W
+

d

π+

u u

π-D0

u
2 2cos cFG q

2 2sin cFG q

c s
W
+

d

π+

u u

K-D0

u
2 2cos cFG q

q2 2cos cFG

c s
W
+

s

K+

u u

K-D0

u

q2 2sin cFG

q2 2cos cFG

2 2 2

2 2

2 2

2 2 2

      ~ cos ~

      ~ sin

      ~ sin

      ~ cos ~

c

c

c

c

F F

F

F

F F

ud G G

us G

cd G

cs G G

q

q

q

q

signal

From the lecture of Achille

D0 →π+K-
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D→hh decays

(D*+
→π+)Do

→ h+h- decays at LHCb
PRD 104 (2021) 072010
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(D*+
→π+)Do

→ h+h- decays at LHCb

D→hh decays

PRD 104 (2021) 072010
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➔ explanation of many measurements : 

c s
W+

d

p+

u u

K
_

D0

u
cos2θC

sin2θC

c d
W+

d

p+

u u

K
_

D0

u
cos2θC

sin2θCcos2θC

p-

c s
W+

s

K+

u u

D0

u

cos2θC

sin2θC

c d
W+

s

K+

u u

D0

u
sin2θC

BR ( Do
→ K- π+ )   >>  BR ( Do

→ K- K+, π- π+ )  >>  BR ( Do
→ K+ π- ) 

1 : 20 : 400

p-

Q: do we need to consider third generation for charm decays ?
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Do, D(s)+

Heavy meson decays: hadronic D-decays

c d,s

W+
d,s

p+,K+

q

Do

u

q

c

W+

u

c
W+

d,s

, D(s)+

c s

W+
d

q

u

q

c

W+

c

W

q

W emission

W exchange

Box diagram Penguin 

Annihilation

external internal

K,π,…

c

Do = (cu) D+ = (cd)
D+

s = (cs)

Do
D(s)+

Do, D(s)+

u

u

Do Do

❑ + QCD contribution everywhere  … 

❑ Every line, vertex and loop can contain NP contribution
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Penguin ??? 
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Penguin ??? 
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Q

W

q

Kharkiv, Lovers fountain, before the war

Penguin ??? 
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SM penguin 

Standard Model penguins

d,s,b
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Penguin : Penguin :

Standard Model penguins and others

d,s,b d,s,b

x?
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Standard Model penguins and others

Penguin : Penguin :

d,s,b d,s,b

x?
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… with my compliments to the old Microsoft/Linux battle 
…

Standard Model penguins and others

Penguin : Penguin :

d,s,b d,s,b

x?
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=    
    
    

'

'

'

ud us ub

cd cs cb

td ts tb

d V V V d

s V V V s

b V V V b

3X3 unitary (complex) matrix 
describing the quarks mixing: 
the CKM matrix

Weak interaction 
eigenstates

Mass eigenstates ( flavour or 
strong interaction eigenstates) 



W±

q1

q2

As a consequence, the charged currents couplings are 
given through:

( )
 
 
 
 


 
 
 

  



ud us ub

cd cs cb

td ts tb

d

u c t s

b

V V V

V V V

V V V

VCKM

1 2q qV

d s b

u

c

t 

1   

same   1-2    2-3    1-3 
family

λ = sinqc ~0.22

From the lecture of Achille
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Take into account QCD contribution

How to calculate charm decays

c
W+

d,s

Leptonic decay, weak annihilation D(s)+

ν

~

fHVij

QCD “free”

SL decay, W emission

W+
νl

l

QCD “free”

D

|Vij|~λ or 1

|Vij|~λ3 or λ2 for B-decays

for D-decays

Helicity suppressed
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c s
W+

d

p+

q q

u

c s

W+ d

p+

q q

u

“Spectator” assumption “Factorization” approach

First aid tools

How to calculate charm hadronic decays
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τ(D+)/τ(D0) ~2.54 ; τ(D+)/τ(Ωc) ~15

Do = (cu)

D+ = (cd)

Ds
+ = (cs)

❑ Lifetime spread

❑ Do
→ K-K+ vs. Do

→ p-p+ puzzle, BR(Do
→ K-K+) / BR(Do

→ p-p+) ~2.5

❑ Do
→ φKo puzzle, BR(Do

→ φKo) ~ 0.8%
c

W+

u

D0

s

s
s

d

φ

K0

Historical charm puzzles

c s,d
W+

s,d

K+,p+

u

D0

u

W+

u

D0

u

K-,p-

c

s,d

s,d

u

u K+,p+

K-,p-
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τ(D+)/τ(D0) ~2.54 ; τ(D+)/τ(Ωc) ~15

Do = (cu)

D+ = (cd)

Ds
+ = (cs)

Beauty lifetimes

Charm lifetimes

τ(Λb)<τ(Ξb) <τ(Bs)<τ(B0) <τ(B+)

τ(B+)/τ(Bs) ~1.1, τ(B+)/τ(Λb) ~1.2 

B- = (bu)

Bo = (bd)

Bs
o = (bs)

Lifetime spread
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τ(D+)/τ(D0) ~2.54 ; τ(D+)/τ(Ωc) ~15

c s
W+

d

p+

u,d,s

D0

u

D(s)+

u,d,s

c

W+

u

D0

c

W+

d,s

, D(s)+

Do = (cu)

D+ = (cd)

Ds
+ = (cs)

Phenomenological game with charm meson lifetimes 
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τ(D+)/τ(D0) ~2.54 ; τ(D+)/τ(Ωc) ~15

Do = (cu)

D+ = (cd)

Ds
+ = (cs)

Well done ... however, new LHCb measurements of charmed baryon lifetimes cannot be explained

Phenomenological game with charm meson lifetimes 

c s
W+

d

p+

u,d,s

D0

u

D(s)+

u,d,s

c

W+

u

D0

c

W+

d,s

, D(s)+
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c s,d
W+

s,d

K+,p+

u

D0

u

W+

u

D0

❑ Experimental value : 

BR(Do
→ K-K+) / BR(Do

→ p-p+) ~2.5

❑ Similar diagrams : 

❑ Naively (SU(3) flavour symmetry): BR(Do
→ K-K+) / BR(Do

→ p-p+) = 1. 

❑ Phase space difference:  x 0.89 

❑ Different decay constants for K and p:  x (fK / fp)
2 ~ 1.49 

❑ Finally expected:  BR(Do
→ K-K+) / BR(Do

→ p-p+) ~ 1.29

❑ SU(3) breaking effects: ~1.29 → ~1.4  <<  2.5 

❑ Contribution from final state interactions ?  

u

K-,p-

c

s,d

s,d

u

u K+,p+

K-,p-

Do
→ K-K+ vs. Do

→ p-p+ puzzle
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b c
W+

d

p+

q q

u

b c

W+ d

p+

q q

u

“Spectator” assumption “Factorization” approach

First aid tools

How to calculate charm hadronic decays
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θ

θ

νθ

Factorization : treat QCD contribution
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→

Factorization : treat QCD contribution
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c s,d
W+

s,d

K+,p+

u

D0

u

W+

u

D0

❑ Experimental value : 

BR(Do
→ K-K+) / BR(Do

→ p-p+) ~2.5

❑ Similar diagrams : 

❑ Naively (SU(3) flavour symmetry): BR(Do
→ K-K+) / BR(Do

→ p-p+) = 1. 

❑ Phase space difference:  x 0.89 

❑ Different decay constants for K and p:  x (fK / fp)
2 ~ 1.49 

❑ Finally expected:  BR(Do
→ K-K+) / BR(Do

→ p-p+) ~ 1.29

❑ SU(3) breaking effects: ~1.29 → ~1.4  <<  2.5 

❑ Contribution from final state interactions ?  

E.g. “K” <-> “p” transitions ? 

u

K-,p-

c

s,d

s,d

u

u K+,p+

K-,p-

c W
K+

u

D0

u

u

K-

u

d s

d s

Do
→ K-K+ vs. Do

→ p-p+ puzzle
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❑ Rare decays ... usually, processes involving FCNC

Rare decays

❑ Why interesting in charm sector ? 

From A Petrov
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Rare decays

❑ E.g. : D→ee, D→μμ, FCNC decay, helicity suppression 

❑ Standard Model, BR ~ 10-13 – 10-11 

❑ Lined to charm flavor mixing (lecture of Guillaume) and D→γγ

❑ Sentitive to BSM, e.g. at tree level to Z-like boson with non-zero flavour-changing couplings
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❑ Search for D→μμ

❑ LHCb analysis, PRL 131 (2023) 041804

❑ Do from D*+ decays

❑ Normalization by and background from Do
→hh decays 

Rare decays
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Rare decays

❑ Search for D→μμ

❑ signal candidates

@90% CL

❑ Lowest UL to date 

❑ Exceeds SM values
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Rare decays

❑ E.g. : D→ee, D→μμ, FCNC decay, helicity suppression 

❑ Alternative search for c→uee

❑ Reverse the diagram, and search for a production of D* mesons

EPJC 83 (2023) 666

❑ Decay mode, LHCb search

❑ No helicity suppression 

❑ Similar SD and LD SM contributions expected

❑ Production mode, CMD3 search

JHEP 11 (2015) 142

Phys. Atom. Nucl. 83(6) (2020) 954
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This is not the place to describe our views in detail. They are very speculative and probably false. The point I wish 

to make is simply that it is too early to convince ourselves that we know the future of particle physics.               

There are too many points at which the conventional picture may be wrong or incomplete. The SU(3)xSU(2)xU(1) 

gauge theory with three families is certainly a good beginning, not to accept but to attack, extend, and exploit.    

We are far from the end.

Sheldon Glashow, Nobel lecture, 1979

Sheldon Glashow

As an outlook / introduction to Guillaume’s lecture
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❑ For which decay “factorization” is equivalent to precise calculations ?

c s

W+

q q

“Factorization” approach

c s

W+ v

q q

l
q

q

Questions : factorization
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❑ Which penguin is stronger ?

c

W

u

D0

u

u

γ

d,s,b

αem
b

W
d

B0

s

d

γ

u,c,t

Vcd,Vcs,Vcb Vud,Vus,Vub Vub,Vcb,Vtb Vus,Vcs,Vts
αem

?

~10-8..9 BR(Bo
→K*oγ)=(4.01±0.20)×10-5

<<

|Vub* Vus|~λ4

|Vcb* Vcs|~λ2

|Vtb* Vts|~λ2

|Vcd* Vud|~λ

|Vcs* Vus|~λ

|Vcb* Vub|~λ5

Mu,d<Ms<Mc<Mb<<Mt

Mq1
2-Mq2

2

MW
2

~

Questions : diagram game


