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Covariant quark model
• main assumption: hadrons interact by quark exchange
• quantum field theory tool: interaction Lagrangian for 
coupling between composite hadron and  its constituents

Lstr
int(x) = gMM(x) · JM (x)

JM (x) =
�
dx1

�
dx2FM (x, x1, x2) q̄1(x1)ΓM λM q2(x2) + h.c.

Spin FlavorVertex function

Coupling of a meson M(x) to the qq̄ constituents

M

q

q̄with the non-local quark current



compositeness condition
Salam 1962, Weinberg 1963

•composite field M and quarks are introduced as 
elementary particles

•non-local interaction between M and its constituents

•field renormalization constant Z:
matrix element between physical and bare state

•Quasi-particle M is a stable composite bound state with

Z1/2
M =< Mbare|Mdressed >= 0



compositeness condition

ZM = 1− Σ�
M (m2

M ) = 0

Σ�
M (m2

M ) = g2MΠ�
M (m2

M ) = g2M
dΠM (p2)

dp2

��
p2=m2

M

p p

M M

q̄1

q2

gM gM

compositeness condition leads to self-consistent 
determination of the hadron-constituents coupling.

coupling gM is determined by the condition

with the derivative of the mass operator Exp. input



vertex function and propagators

•vertex function characterizes finite size of hadron:

FM (x, x1, x2) = δ(4)(x−
2�

i=1
wixi) ΦM

�
(x1 − x2)2

�

often choose simple Gaussian form with
ΦM (y2) =

�
d4k
(2π)4 e

−ik·yΦ̃(−k2), Φ̃(−k2E) = exp
�
−k2E/Λ

2
M

�

• constituent quark propagator

Sq(k) =
1

mq−�k−i�

with wi = mi/
�

mi and
translational invariance for any 4-vector a with

FM (x+ a, x1 + a, x2 + a) = FM (x, x1, x2)

with effective mass mq



inclusion of photons or gauging the non-
local Lagrangian 

Strong interaction Lagrangian is non-local

Gauged by applying gauge field exponential 
with
qi(xi) → e−ieqiI(xi,x,P )qi(xi) with I(xi, x, P ) =

� xi

x dzµAµ

Mandelstam (1961), Terning (1991)

Expansion of gauged Lagrangian with

Lstr;em
int (x) = gMM(x)

�
dx1

�
dx2FM (x, x1, x2)

×q̄1(x1)eieq1I(x1,x,P ) ΓM λM e−ieq2I(x2,x,P )q2(x2)

in powers of Aµ leads to:



inclusion of photons or gauging the non-
local Lagrangian 
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electromagnetic
vertex function

vector meson
V → γ transition



infrared confinement

reason: free quark propagator, 
threshold singularities with free quarks

up to now applications limited to hadrons with mM < m1 +m2.

p p

M M

q̄1

q2

---> confinement = absence of quark poles

for mM > m1 +m2



infrared confinement

Idea: consider scalar one-pole propagator

1
m2−p2 =

∞�

0
dα exp[−α(m2 − p2)]

in the Schwinger representation.

Introduce integration limit with the 
infrared confinement scale: λ with mass dimension (m)

1/λ2�

0
dα exp[−α(m2 − p2)] = 1−exp[−(m2−p2)/λ2]

m2−p2

entire function, confined propagator
(similar to NJL (Ebert 1996), constant 
self-dual field Leutwyler/Efimov (1995))



Consider general l-loop diagram with n propagators:

with the identity                             we get

Π(p1, . . . , pn) =
∞�

0
dnα

�
[d4k]l Φ exp[−

n�
i=1

αi(m2
i − p2i )]

numerator: product of propagators and vertices

after loop integration

Π =
∞�

0
dnαF (α1, . . . ,αn)

complete structure 
of diagram

1 =
∞�

0
dt δ(t−

n�
i=1

αi)

Π =
∞�

0
dttn−1

1�

0
dnα δ

�
1−

n�
i=1

αi

�
F (tα1, . . . , tαn)



confinement: introduce infrared cut-off at      

consequences:

•all thresholds are removed in the quark-loop diagram

•infrared cut-off       is universal -- same for all physical 
processes

1/λ2

Πc =
�

0
dttn−1

1�

0
dnα δ

�
1−

n�
i=1

αi

�
F (tα1, . . . , tαn)

1/λ2

1/λ2

T. Branz, A. Faessler, TG, M. Ivanov, J. Körner, V. Lyubovitskij,
PRD D81, 034010 (2010)



first fits and parameters
see T. Branz, A. Faessler, TG, M. Ivanov, J. Körner, V. Lyubovitskij,  PRD D81, 034010 
(2010)
update in M. Ivanov et al., PRD D85, 034004 (2012) π and ρ properties:

→ fπ

→ gπγγ
→ gρπγ

→ gργ



first fits and parameters
see T. Branz, A. Faessler, TG, M. Ivanov, J. Körner, V. Lyubovitskij,  PRD D81, 034010 
(2010)
update in M. Ivanov et al., PRD D85, 034004 (2012)

π and ρ properties:

Infrared cut-off

mu = md

(PDG)

parameters



form factor π± → π±γ∗ for space-like photon momentum Q2

variation in 
infrared cut-off



transition form factor γγ∗ → π0 for space-like photon momentum Q2

+ „nonlocal“ graphs



further model parameters: basic electroweak properties



further predictions
in the meson sector



physics of heavy baryons: motivation 

• origin of flavor and CP violations

• determination of CKM matrix elements

• weak decays of heavy hadrons containing a b- or c-
quark

• experimental possibilities at LHCb

• signals for new physics beyond the Standard Model

• models of heavy flavor decays (nonperturbative hadronic 
effects)

• new exotic states



recent work on heavy baryons:

TG, M. Ivanov, J. Körner, V. Lyubovitskij, P. Santorelli and 
N.Habyl:

PRD 91, 074001 (2015) Λb → Λc + τ− + ν̄τ

PRD 90, 114033 (2014) Λb → p+ �− + ν̄� and Λc → n+ �+ + ν�

PRD 88, 114018 (2013) Λb → Λ(→ pπ−) + J/Ψ(→ �+�−)

PRD 87, 074031 (2013) Λb → Λ�+�− (� = e, µ, τ) and Λb → Λγ

PRD 86, 074013 (2012)    el.magn. structure of light baryons



Rare baryon decays:
Λb → Λ�+�− (� = e, µ, τ) and Λb → Λγ

TG, M. Ivanov, J. Körner, V. Lyubovitskij, P. Santorelli, PRD 87, 074031 (2013)

• flavor-changing neutral currents - FCNC, like 

b → sγ (forbidden at tree level,
=0 for degenerate up-type 
masses)

• loop induced processes: sensitivity to „new physics“
• extraction of CKM matrix elements
• exclusive and inclusive decays of the form

b → sγ and b → s�+�−

rare baryon decays complementary to B → K(∗)�+�−•    



Rare baryon decays:
Λb → Λ�+�− (� = e, µ, τ) and Λb → Λγ

• naive factorization, based on OPE in local operators 
• separation of short-distance SM dynamics from long-
distance hadronic effects 
• nonperturbative determination of hadronic matrix 
elements ----> form factors
•                contains lots of information throughb → s�+�−

• lepton invariant mass
• lepton energy spectra
• forward-backward asymmetries .....

• data             



Lagrangian and 3-quark current 

LΛ
int(x) = gΛ Λ̄(x) · JΛ(x) + gΛ J̄Λ(x) · Λ(x)

JΛ(x) =
�
dx1

�
dx2

�
dx3 FΛ(x;x1, x2, x3) J

(Λ)
3q (x1, x2, x3)

J (Λ)
3q (x1, x2, x3) = �a1a2a3 Qa1(x1)ua2(x2)C γ5 da3(x3)

Q = s, c, b

Vertex function of the form

FΛ(x;x1, x2, x3) = δ(4)(x−
3�

i=1
wixi) ΦΛ

��
i<j(xi − xj)2

�

with wi = mi/(m1 +m2 +m3)

(ud)1S0



Effective Hamiltonian for the quark amplitudes 
see Buchalla, Buras, Lautenbacher, Rev. Mod. Phys. 68 (1996)

ΛQ[ud] → ΛQ�[ud] +X

X = �−ν̄�, �+�− or γ

b → s�+�−

b → sγ σµq = σµνqνlong-distance cc̄ contributions



Hadronic matrix elements and form factors

with q = p1 − p2 and q1 = q/M1



Fit parameters

• quark masses and infrared cut-off as in meson sector

• set of size parameters:

ΛΛs = 0.490 GeV, ΛΛc = 0.864 GeV and ΛΛb = 0.569 GeV

• fit to magnetic moments of Lambda-hyperon:

in n.m.



• and to leading semileptonic decays



Rare baryon decays:
Λb → Λ�+�− (� = e, µ, τ) and Λb → Λγ

our result:

recent LHCb result:

BR(Λb → Λµ+µ−) = 1.0 · 10−6

and the prediction:

compared to: 
BR(Λb → Λγ) = 0.4 · 10−5



differential rate 1
ΓTot

dΓ(Λb→�+�−)
ds

e+e−

τ+τ−

s ≡ q2/M2
Λb



forward-backward
asymmetry 

e+e−

τ+τ−

AFB =
� 1
0 d(cosϑ)−

� 0
−1 d(cosϑ)

� 1
0 d(cosϑ)+

� 0
−1 d(cosϑ)

s ≡ q2/M2
Λb



TG, M. Ivanov, J. Körner, V. Lyubovitskij, P. Santorelli, N. Habyl, PRD 91, 074001 (2015)

•  tests of a key property of the SM: lepton flavor 
universality
• deviations would signal possible NP
• contraints on NP are weaker for the third generation
• discrepancies with SM results in B decays:

Focus on semileptonic decay:
Λb → Λc + τ− + ν̄τ

LHCb 2015



Λb with spin 1/2 has a complex angular distribution

forward-backward 
asymmetries

polarization 
observables

rates in %



finally

•quark model: „old-fashioned“ but reliable tool in 
describing conventional hadron structure 

•here: covariant confined quark model,
quantum field theory tool for analyzing hadronic 
properties

•light hadron sector

•heavy hadrons -- lab to constrain SM and BSM physics 

•looking forward to LHCb among others

•extension to multiquark configurations


