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Content
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mesons

• Part I: Formulation of an effective theory and first tree-level tests
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Introduction

• Aim: want to describe reactions with light pseudoscalar and vector

Aim:

mesons at low energies

• in principle: fully described by QCD

• QCD yields infinite series
↪→ not applicable for numerical calculations

• infinite series have to be approximated by finite expressions

running coupling constant in QCD
↪→ perturbation theory not applicable for

↪→

low energies
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Carla Terschlüsen Theoretical Studies of Hadronic Reactions with Vector Mesons

Introduction

• Aim: want to describe reactions with light pseudoscalar and vector

Aim:

mesons at low energies

• in principle: fully described by QCD

• QCD yields infinite series
↪→ not applicable for numerical calculations

• infinite series have to be approximated by finite expressions

running coupling constant in QCD
↪→ perturbation theory not applicable for

↪→

low energies

3
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Approach 1: Phenomenological models

• vector meson dominance (VMD):
all interactions of hadrons with
photons are mediated by
intermediate vector mesons

• systematic improvements are not
possible

• can be successful anyway

• VMD: good agreement with
data for some reactions,
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Approach 1: Phenomenological models

• vector meson dominance (VMD):
all interactions of hadrons with
photons are mediated by
intermediate vector mesons

• systematic improvements are not
possible

• can be successful anyway

• VMD: good agreement with
data for some reactions,

but fails for other reactions
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Approach 2: Effective field theory (EFT) (I)

I

• importance of a term in a Lagrangian evaluated by comparing
scales instead of expanding in coupling constants

↪→ scale = region where EFT should be valid

• scale of an EFT should be separated from energy regions with
particles not included in the EFT

• comparing scales → power counting scheme can be formulated

• degrees of freedom of an EFT might be different form the ones of
the underlying theory

↪→ only degrees of freedom relevant at the scale of interest are used

Example: rocket flying to the moon described as point-like object
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Approach 2: Effective field theory (EFT) (II)

Formulating an EFT = identification of 3 parts:
scales, relevant degrees of freedom,
power counting scheme

Advantage compared to phenomenological models:

EFT is a systematic theory

↪→ knowledge about theory-intrinsic errors
↪→ possibility for systematic improvements
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Chiral perturbation theory (χPT)

Confinement: quarks cannot be unbound at low energies
→ bound in hadrons

↪→ take lightest (pseudoscalar) mesons as relevant DOF:

↪→

pions, kaons, η-meson (and η ′-meson)

↪→ chiral perturbation theory (χPT)

Scale separation?

• pions have masses much lower than all other mesons

• for kaons already much less difference

• η ′-meson mass larger than some vector-meson masses

⇒ Aim: find EFT for both light pseudoscalar and vector mesons

⇒ Aim:

(ρ-, ω-, K∗-, φ-meson)
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Carla Terschlüsen Theoretical Studies of Hadronic Reactions with Vector Mesons

Towards an EFT for light pseudoscalar and
vector mesons

Steps for formulating and testing an approach for an EFT:

1.) choose representation for vector mesons
↪→ we use: antisymmetric tensor representation

2.) formulate power counting scheme

3.) test power counting scheme at leading order (LO)
= for tree-level calculations

4.) carry out beyond-tree level calculations
(next-to-leading-order calculations [NLO])

5.) ...
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Part I:

Formulation and first tree-level tests

Electromagnetic transitions in an effective chiral Lagrangian with the η ′

and light vector mesons

C. T., S. Leupold, and M.F.M. Lutz, Eur. Phys. J., A48:190, 2012
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Basics of our approach

• want power counting for pseudoscalar and vector meson nonet
(i.e., including η ′-meson)

• we need:
scale separation = mass gap between pseudoscalar and vector

scale separation =

mesons and not included particles

↪→ possible justification: hadrogenesis conjecture

∗ other low-lying mesons are dynamically generated by
interactions between pseudoscalar and vector mesons
(vanish in large-Nc)

∗ mass gap to other mesons assumed to be sufficiently large

⇒ formulate power counting scheme including large-Nc behaviour
already visible for Nc = 3 (e.g., suppression of many-body forces)

↪→ perform tree-level tests
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Example: Decay ω → π0µ+µ−

Recall: VMD fails to describe the

Recall:

experimental data

↪→ our calculations miss only the

↪→

last three data points

↪→ good agreement also for decay

↪→

widths into dimuon/dielectron

Other decays V → Pl+l− and
P → V l+l−:
show fair agreement with available
experimental data

10
0

10
1

10
2

0.2 0.4 0.6

q [GeV]

|Fωπ0|
2

VMD
NA60

Data: R. Arnaldi et.al. (NA60), Phys. Lett. B677:260-266, 2009.

11
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Example: Decay φ→ ηe+e−

additional experimental data was
released (KLOE) after publication
of our article

↪→ more data points, smaller error

↪→

bars than previous measurement

↪→

(VEPP-2M)

deviation between our calculation
and VMD prediction clearly visible

↪→ VMD describes data better

↪→

↪→

Can an NLO calculation
improve our description?
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VEPP-2M: M.N. Achasov et.al., Phys. Lett. B504:275-281, 2001.

KLOE: D. Babusci et.al., Phys. Lett. B742:1-6, 2015.
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Part II:

Reactions with an odd number of pions

Reactions with pions and vector mesons in the sector of odd intrinsic
parity

C. T., B. Strandberg, S. Leupold, and F. Eichstädt, Eur. Phys. J., A49:116, 2013
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Reactions with an odd number of pions

• in previous part: decays of or into vector mesons

in previous part:

↪→ no contributions from pure χPT

now: reactions with contributions from both pure χPT and

now:

involving vector mesons

now:

↪→ example: π0 → γ(∗)γ(∗), e+e− → 3π

• disjoint parameter sets for sub-Lagrangians LχPT and Lvec,
determined separately

↪→ only absolute values and relative signs within a set accessible

↪→ relative signs between parameter sets still have to be determined

↪→ necessary for reactions with contributions from both pure χPT

↪→

and involving vector mesons

↪→ relative signs connect to whether “±(vector-meson field)” and

↪→

“±(pseudoscalar-meson field)” produce mesons

14
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Relative signs between Lagrangians (I)

Consider system of three Lagrangians:

L1 = c1“PGG”, L2 = c2“V G”, L3 = c3“PV V ”

with • pseudoscalar-meson-like particle P ,
• photon-like particle G,
• and vector-meson-like particle V .

15
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Relative signs between Lagrangians (II)

Consider system of three Lagrangians:

L1 = c1“PGG”, L2 = c2“V G”, L3 = c3“PV V ”

• |c1| can be determined by comparing calculation and experimental
values for P → GG

↪→ sign of c1 is convention (±P corresponds to particle states)

• |c2| can be determined by comparing results for V → G∗ → l+l−

into a dilepton l+l−

↪→ sign of c2 is convention (±V corresponds to particle states)

16
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Relative signs between Lagrangians (III)

Consider system of three Lagrangians:

L1 = c1“PGG”, L2 = c2“V G”, L3 = c3“PV V ”

• |c3| can be determined by comparing results for V → V ′P

↪→ sign relative to c1 has physical significance for processes with
interference between L1 and L3

[e.g., P → GG and P → V ∗1 V
∗
2 → GG]

↪→ rephrase question:

↪→

Does L1 + L3 or L1 − L3 describe the right physics?

17
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Relative signs between Lagrangians (IV)

Same problem for interaction parts
of Lagrangians for pure χPT and
involving vector mesons:

Does Lint
χPT + Lint

vec or Lint
χPT − Lint

vec

describe the right physics (or none)?

↪→ calculate decay π0 → γe+e−

↪→

for both combinations

⇒ Lint
χPT + Lint

vec should be used

↪→ use result to calculate other

↪→

reactions at tree level:

↪→

good agreement with available

↪→

experimental data
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-2 -1 0

q2 [GeV2]

|Fπγ |
2

LChPT + Lvec
LChPT -- Lvec

Data: H. Behrend et.al. (CELLO), Z. Phys. C49:213, 1988.
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Part III:

Beyond-tree-level calculations

Renormalisation of the low-energy constants of chiral perturbation theory
from loops with dynamical vector mesons
C. T. and S. Leupold, accepted by Phys. Rev. D, arXiv:1603.05524 [hep-ph]

Contributions of loops with dynamical vector mesons to masses and decay
constants of pseudoscalar mesons and their quark mass dependence

C. T. and S. Leupold, submitted to Phys. Rev. D, arXiv:1604.01682 [hep-ph]
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Example: Calculation of masses (I)

How can one ’see’ masses?

)2 Dimuon mass (GeV/c
1 10 210

Ev
en

ts
 / 

G
eV

1

10

210

310

410

510

610

CMS 

-1
int

 = 7 TeVs

η
ω,ρ

φ
ψJ/

'ψ Υ

Z

L    = 40 pb

Example:

η-meson production in
proton-proton collision

⇒ peak in dimuon

⇒

(µ+µ−) spectrum

↪→ peak position

↪→

∧
= mass of η-meson

↪→ ∧
=

= 0.548 GeV/c2

CMS muon results with data from 2010,

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsMUO#Invariant mass spectra of opposi
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Example: Calculation of masses (II)

What happens in such a collision?

(QCD-) tree-level diagram:

η

q

q

µ−

µ+

time−→

↪→ corresponds to bare mass mbare,

↪→

can be read off from Lagrangian

Additionally, one-loop diagrams:

η

P ∗

η
q

q

µ−

µ+

η

V ∗

V ∗
η

q

q

µ−

µ+

+

+ . . .

(and diagrams with more loops).
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Example: Calculation of masses (III)

Can use such collisions to define the physical (measured) mass mη :

mη =
(

contributions from
tree-level diagrams

)
︸ ︷︷ ︸

= mbare

+
(

contributions from
loop diagrams

)
︸ ︷︷ ︸

=: mloop

Problem: loop contribution is infinite

↪→ mη infinite ? No! mη is an observable.

⇒ mbare has to be infinite, too, such that

mbare +mloop = mη = finite

mbare just a mathematical construct, not an observable quantity

22
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Steps of renormalisation (I)

Can use the ’effective action’ Z to calculate observables,
e.g., masses and cross sections

↪→ depends on Lagrangian and, thus, all Feynman diagrams

Z = Ztree level︸ ︷︷ ︸
tree-level diagrams

without loops

+ Zloop︸ ︷︷ ︸
loop diagrams,

=∞

= finite

↪→ (1) need to identify the kind of infinities, give them a well-defined

↪→ (1)

mathematical meaning (’regularisation’)

↪→

(2) find terms to cancel infinities (’renormalisation’)

↪→ different choices of regularisation and renormalisation possible,
but physics is independent of these choices
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Steps of renormalisation (II)

Dimensional regularisation: 4 + 2ε dimensions (ε arbitrary)

⇒ Zloop = (finite parts) + (part
ε→0−→∞)︸ ︷︷ ︸

=: Zinf.

In a ’good’ theory:

For each term in Zinf. exists a ‘counter term‘ in Ztree level,
a matching term with the same structure

↪→ counter term depends on a parameter g (e.g., mass mbare)

⇒ gr := g + (infinite loop contribution) = finite

renormalised parameter (renormalisation)

⇒ Z = Zr
tree level︸ ︷︷ ︸

gr instead of g

+ (finite parts from Zloop)
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Feasibility study for vector-meson loops

• vector-meson Lagrangian with reduced number of interaction terms

↪→ only V -v and V -2P interactions (v = external vector field)

• consider only pseudoscalar fields as external field

↪→ vector mesons only in loops (“integrated out”)

↪→ only parameters of χPT Lagrangian must be renormalised

• one-loop approximation

• calculations up to chiral order Q4

x

Feasiblity study:

• How to calculate the one-loop contributions with vector mesons?

• Which techniques are applicable and which are not applicable?

• How exactly are the LO and NLO χPT Lagrangians renormalised?

x

↪→ very technical, not shown here
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Plausibility study for vector-meson loops

Consider full Lagrangian with vector-mesons discussed in part I
(all in all 21 parameters, but only 6 needed for paper I and II)

↪→ vector mesons are soft, m2
V ∈ O(Q2)

↪→ one-loop contributions with vector mesons should have counter

↪→

terms in LO and NLO χPT Lagrangian [O(Q2)/O(Q4)]

Now: We can have terms like

(∂µ · ∂µ)3/m2
V ∈ O(Q6/Q2) = O(Q4)

⇒ cannot have a counter term in O(Q4)-χPT Lagrangian

⇒ has to be zero directly or yield parameter combination which must
be set to zero

↪→ otherwise: proposed power counting scheme and Lagrangian are

↪→ otherwise:

implausible

↪→ feasibility study provides basis and identifies applicable technique

↪→

for this plausibility test
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Influence of vector meson loops on
properties of pseudoscalar mesons

Calculate masses and decay constants of pseudoscalar mesons
involving loops with vector mesons

↪→ use results to determine how important vector mesons are

↪→ in χPT: vector mesons should not be important

↪→ in χPT:

(scale separation)

In the following: pion masses as example
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Carla Terschlüsen Theoretical Studies of Hadronic Reactions with Vector Mesons

Influence of vector meson loops on
properties of pseudoscalar mesons

Calculate masses and decay constants of pseudoscalar mesons
involving loops with vector mesons

↪→ use results to determine how important vector mesons are

↪→ in χPT: vector mesons should not be important

↪→ in χPT:

(scale separation)

In the following: pion masses as example

27
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Mass calculation in detail (I)

Mass M of a particle is defined
as the pole of its propagator ∆:

as the pole of its propagator ∆:

∆(p2 = M2)−1 ≡ 0

= + 1PI.

+ 1PI. 1PI. + . . .

↪→ in LO: M =: M̊ ∼ m2
u/d

↪→ in higher orders: include one-particle-irreducible (1PI) diagrams

→ sum over all 1PI diagrams = −i Σ

self energy

28
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Mass calculation in detail (II)

Mass M of a particle is defined
as the pole of its propagator ∆:

as the pole of its propagator ∆:

∆(p2 = M2)−1 ≡ 0

= + 1PI.

+ 1PI. 1PI. + . . .

⇒ propagator can be rewritten as a geometric series yielding

[∆(p2)]−1 = p2 − M̊2 − Σ(p2) + i0+

⇒ mass given by the mass equation

⇒ mass given by the mass equation

M2 − M̊2 − Σ(M2) = 0
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Mass calculation in detail (III)

Self energy includes contributions from pure χPT and with
vector-meson loops:

(I) pure χPT:

(II) loops with

vector mesons:

x

︸ ︷︷ ︸
= 0 (with our reduced Lagrangian)

x
only contribut

only contributing diagram

↪→ done similarly for decay constants

(Cross: NLO vertex, dot: LO vertex, dashed lines: pseudoscalar mesons, solid lines: vector mesons.)
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Carla Terschlüsen Theoretical Studies of Hadronic Reactions with Vector Mesons

Mass calculation in detail (III)

Self energy includes contributions from pure χPT and with
vector-meson loops:

(I) pure χPT:

(II) loops with

vector mesons:

x

︸ ︷︷ ︸
= 0 (with our reduced Lagrangian)

x
only contribut

only contributing diagram

↪→ done similarly for decay constants

(Cross: NLO vertex, dot: LO vertex, dashed lines: pseudoscalar mesons, solid lines: vector mesons.)

30
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First comparison for pion masses (I)

Compare calculation with full and point-like vector-meson propagator:

(m2
V − q2)−1 m−2V

q

⇔ m−2
V

vector mesons are active vector mesons are non-active
degrees of freedom degrees of freedom

x

↪→ latter one resembles pure χPT (at next-to-next-to-leading order)

↪→ define ∆I and ∆T as normalised contribution to the pion mass

↪→

for full and point-like propagator

↪→

∗ as a function of the LO pion mass M̊π

↪→

∗ in comparison to a reference point: ∆T (M exp
π ) = ∆I(M exp

π ) = 0
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First comparison for pion masses (II)

∆I =̂ full propagator,
∆T =̂ point-like prop.

↪→ differences are clearly visible

↪→

for M̊π & 200 MeV

↪→ indicates: important to include

↪→

vector mesons as active degrees

↪→

of freedom

↪→ similar for masses and decay

↪→

constants of (other) pseudo-

↪→

scalar mesons

-6

-4

-2

0

0.2 0.4 0.6

Mπ
0
 [GeV]

∆I and ∆T for Mπ
2
 [GeV

4
]

∆I
∆T
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Second comparison for pion masses (I)

Compare: pure χPT calculation and calculation with vector mesons

Compare:

as active degrees of freedom

Assume: there exists the EFT and not several ones

↪→ for physical observable:

↪→

difference between calculation with and without vector mesons at

↪→

given order only visible in values for parameters

↪→ we adjust parameters such that there is no difference between the

↪→

two calculation at chiral order Q4:(
χPT contr.

up to O(Q4)

)
+

(
vector-loop contr.

up to O(Q4)

)
=

(
χPT contr.

up to O(Q4)

)∣∣∣∣adjusted
param.
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Carla Terschlüsen Theoretical Studies of Hadronic Reactions with Vector Mesons

Second comparison for pion masses (I)

Compare: pure χPT calculation and calculation with vector mesons

Compare:

as active degrees of freedom

Assume: there exists the EFT and not several ones

↪→ for physical observable:

↪→

difference between calculation with and without vector mesons at

↪→

given order only visible in values for parameters

↪→ we adjust parameters such that there is no difference between the

↪→

two calculation at chiral order Q4:(
χPT contr.

up to O(Q4)

)
+

(
vector-loop contr.

up to O(Q4)

)
=

(
χPT contr.

up to O(Q4)

)∣∣∣∣adjusted
param.

33
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Second comparison for pion masses (II)

However: one-loop contributions with vector mesons contain terms

However:

of higher order than Q4

However:

↪→ logarithms with pseudoscalar and vector-meson mass

↪→ physical observable can be expressed as

↪→

(
χPT contr.

up to O(Q4)

)
+

{(
full vector-
loop contr.

)
−
(

vector-loop contr.
up to O(Q4)

)}
︸ ︷︷ ︸

=̂ higher order contr.
from vector mesons

x

↪→ how important are these higher order contributions?
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Second comparison for pion masses (III)

• deviation of pure χPT from unity is
of O(Q4)

• deviation of calculation with vector
mesons from χPT is of O(Q6)

x
↪→ second deviation should be smaller

↪→

than first for good convergence

↔ second deviation is not smaller

⇒ vector mesons are already
important for small pion masses

0.6

0.7

0.8

0.9

1.0

0.2 0.4 0.6

Mπ
0
 [GeV]

Mπ / Mπ
0

vector mesons, set 1
vector mesons, set 3
vector mesons, set 2
pure ChPT

[similar for other masses/decay const.]
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Summary

• EFT for both light pseudoscalar and vector mesons suggested

• tree-level calculations in fair agreement with experimental data
↪→ for decays of and into vector mesons
↪→ for reactions which also have contributions from pure χPT

⇒ justifies further investigations into this approach

• feasibility study and calculations for pseudoscalar properties were
preformed at one-loop level including vector mesons
↪→ Lagrangian with reduced number of interaction terms used
↪→ results indicate importance of including vector mesons as active

↪→

degrees of freedom

⇒ provide foundations for calculations beyond tree level
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Outlook

• further calculations beyond tree level are of interest
↪→ one-loop plausibility check for full Lagrangian with vector

↪→

mesons
↪→ calculation of observables at beyond-tree level

• determination of Lagrangian with vector mesons at NLO necessary

Thanks for your attention.
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