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| Overview I

Effective Field Theory

Chiral Perturbation Theory

some comments about Lagrangians/divergences
list of existing calculations

some general comments

some results of the usual calculation

Partially Quenched Chiral Perturbation Theory
Some two-loop results
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What when not diagonal: the eta mass and PQChPT
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\ Effective Field Theory I

Main ldeas:

#® Use right degrees of freedom : essence of (most)
physics

# |f mass-gap in the excitation spectrum: neglect degrees
of freedom above the gap.

( conductors: neglect
the empty bands above the partially filled

Examples: < one
Blue sky: neglect atomic

\ Structure
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\ Power Counting I

[] gap In the spectrum — separation of scales

] with the lower degrees of freedom, build the most
general effective Lagrangian
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[] gap In the spectrum — separation of scales

] with the lower degrees of freedom, build the most
general effective Lagrangian

[ oco# parameters
[1 Where did my predictivity go ?
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\ Power Counting I

[] gap In the spectrum — separation of scales

] with the lower degrees of freedom, build the most
general effective Lagrangian

[ oco# parameters
[1 Where did my predictivity go ?

] Taylor series expansion does not work (convergence

radius Is zero)
(] Continuum of excitation states need to be taken into

account

ChPT at two loop order
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\ Why Field Theory ? I

(1 Only known way to combine QM and special relativity
[] Off-shell effects: there as new free parameters
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\ Why Field Theory ? I

(1 Only known way to combine QM and special relativity
[] Off-shell effects: there as new free parameters

Drawbacks
e Many parameters (but finite number at any order)

any model has few parameters but model-space Is large
e expansion: it might not converge or only badly
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\ Why Field Theory ? I

(1 Only known way to combine QM and special relativity
[] Off-shell effects: there as new free parameters

Drawbacks
e Many parameters (but finite number at any order)

any model has few parameters but model-space Is large
e expansion: it might not converge or only badly

Advantages

e Calculations are (relatively) simple
e It Is general: model-independent
e Theory — errors can be estimated

e Systematic: ALL effects at a given order can be included
e Even if no convergence: classification of models often
useful

Regensburg, 4/8/2006
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\ Why is the sky blue ? I

System: Photons of visible light and neutral atoms

Length scales: a few 1000 A versus 1 A
Atomic excitations suppressed by ~ 1073

AANAARANAAAX
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\ Why is the sky blue ? I

System: Photons of visible light and neutral atoms

Length scales: a few 1000 A versus 1 A
Atomic excitations suppressed by ~ 1073

AANAARANAAAX

La=Pl0@y+...  Loa=GF,00,+...

Units with i = ¢ = 1. G energy dimension —3:
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Length scales: a few 1000 A versus 1 A
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\ Why is the sky blue ? I

System: Photons of visible light and neutral atoms

Length scales: a few 1000 A versus 1 A
Atomic excitations suppressed by ~ 1073

AANAARANAAAX

La=Pl0@y+...  Loa=GF,00,+...
Units with i = ¢ = 1. G energy dimension —3:
o~ GQE;l

blue light scatters a lot more thanred ~ { — 1¢d sunsets
—> blue sky

Higher orders suppressed by 1 A/,

ChPT at two loop order
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\ Chiral Perturbation Theory I

Degrees of freedom: Goldstone Bosons from Chiral
Symmetry Spontaneous Breakdown
Power counting: Dimensional counting

Expected breakdown scale: Resonances, so M, or higher
depending on the channel
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\ Chiral Perturbation Theory I

Degrees of freedom: Goldstone Bosons from Chiral
Symmetry Spontaneous Breakdown

Power counting: Dimensional counting

Expected breakdown scale: Resonances, so M, or higher
depending on the channel

Chiral Symmetry
QCD: 3 light quarks: equal mass: interchange: SU(3)y

But Locp = liqrPar +iGrPar — mq (GrIL + Grdr)]
q=u,d,s

So if mg =0then SU(3)r x SU(3)rg.
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\ Chiral Perturbation Theory I

Degrees of freedom: Goldstone Bosons from Chiral
Symmetry Spontaneous Breakdown

Power counting: Dimensional counting

Expected breakdown scale: Resonances, so M, or higher
depending on the channel

Chiral Symmetry
QCD: 3 light quarks: equal mass: interchange: SU(3)y

But Locp = liqrPar +iGrPar — mq (GrIL + Grdr)]
q=u,d,s

So if m, = 0 then SU(3);, x SU(3)x.

Can also see that via q_» v<emgF 0= q
v=-c,mg=0=F

Johan Bijnens
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\ Chiral Perturbation Theory I

(@9) = (qLqr + qraL) # 0
SU(3)r, x SU(3)r broken spontaneously to SU(3)y

8 generators broken — 8 massless degrees of freedom
and Iinteraction vanishes at zero momentum

ChPT at two loop order
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\ Chiral Perturbation Theory I

(@q) = {qrar + qraqL) # O
SU(3)r, x SU(3)r broken spontaneously to SU(3)y

8 generators broken — 8 massless degrees of freedom
and Iinteraction vanishes at zero momentum

Power counting in momenta:

p? (p*)* (1/p*)* p* = p*

(r*) (1/p*) p* = p
f d4p p4

ChPT at two loop order
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\ Two Loop: Lagrangians I

Lagrangian Structure:

2 flavour 3 flavour 3+3 PQChPT
»” FB 2 Fy.,B 2 Fy By 2
p* ' nr 7+3 LI HT 1042 LT HT 1142
p’ ¢ B3+4 O 90+4 K  112+3

1

p2: Weinberg 1966
p4: Gasser, Leutwyler 84,85
p6: JB, Colangelo, Ecker 99,00
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\ Two Loop: Lagrangians I

Lagrangian Structure:

2 flavour 3 flavour 3+3 PQChPT
»” FB 2 Fy.,B 2 Fy By 2
p* ' nr 7+3 LI HT 1042 LT HT 1142
p® ¢ 53+4 Cr  90+4 KI  112+3

p2: Weinberg 1966
p4: Gasser, Leutwyler 84,85
p6: JB, Colangelo, Ecker 99,00

( [ replica method =— PQ obtained from Ny flavour
(1 All infinities known
[1 3 flavour is a special case of 3+3 PQ:

rr r r r
L, K] — L, C;

Note [
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\ Constructing Lagrangians I

Easy part:
# Construct a complete set of needed basic objects

# Often useful to make everything transform under H
alone (conserved part)

# Construct all terms up to the order you want
Tricky part: finding a minimal basis

# Field redefinitions or equations of motion

# Partial integration

# Cayley-Hamilton identities

# Bianchi identities, det x Is also chirally invariant

Final check: can | determine all from experiment?
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\ Constructing Lagrangians I

Infinities:
the general divergence structure can be derived using heat
kernel methods and/or background field methods.

Very useful for checks on calculations

p.11/43

ChPT at two loop order
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\ Constructing Lagrangians I

Question: do | always have to do all that?

# If only one process: can stop if enough terms found for
all analytical dependences

o full Lagrangian: when doing relations with many
observables

o often SU(3)y gives the needed relations but sometimes
surprising cross relations show up (e.g. f+(0) In Ky3).

p.12/43

ChPT at two loop order

Regensburg, 4/8/2006




\ Integrals, Divergences, Subtractions I

# one-loop: Passarino-Veltman, but need also the order
d — 4 part.

o two-loop: sunset (i.e. two-point) integrals: dispersive
method

# two-loop: vertex (i.e. three-point) integrals:
Ghinculov-Van der Bij-Yao

# The last need two and three parameter numerical
Integrals: (very) slow.

# Subtraction: modified modified minimal subtraction
(tadpoles are just a logarithm at NLO)
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\ Three Flavours at Two Loop I

Review paper: JB, LU TP 06-16 hep-ph/0604043




Three Flavours at Two Loop

Review paper: JB, LU TP 06-16 hep-ph/0604043

Hyve, Hyvy, Hyvk Kambor, Golowich; Kambor, Durr; Amordés, JB, Talavera
Iy v pe Maltman
Haar, Haay, Fr, Fy, Mz, my Kambor, Golowich; Amordés, JB, Talavera
IIgg Moussallam | L}, Lg
IIvve, HHaar, Fr, mg Amoraos, JB, Talavera
K4, (qq) Amoros, JB, Talavera | LY, L5, LY
Frr,may, (@q) (mqy, # mg) Amoros, JB, Talavera | LT - ¢, mqy/mg
Fyr, Fyy e+, Fy o Post, Schilcher; JB, Talavera | Lg
Kys Post, Schilcher; JB, Talavera | Vs
Fs., Fsi (includes o-terms) JB, Dhonte | L}, L
K, m™ — vy Geng, Ho, Wu | LY,
T JB,Dhonte, Talavera
K JB,Dhonte, Talavera
mps and Fy PQChPT JB,Danielsson,Lahde

Finite Volume JB,Colangelo,Ghorbani,Haefeli
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\ General Strategy and some comments I

# Find enough inputs from experiment
o (7.
s kinematical dependence: agree well with single
resonance saturation

s guark mass+kinematical: if vector dominated, seems
to be OK

s guark mass+kinematical: if scalar dominated: which
scalars? (not o)

s quark masses: which scalars? unrealistically large
estimates

# in pY physical or lowest order masses: thresholds in
right place requires physical

p.15/43
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\ General Strategy and some comments I

Inputs:

Ky F(0), G(0), A E865 BNL
M2, M, My, Mo em with Dashen violation
F_+

Fr+/F+

ms/m 24 (26) m = (mqy +myg)/2
Ly, Lg

C! from single resonance approximation

Regensburg, 4/8/2006 ChPT at two loop order p.16/43




\ General Strategy and some comments I

fit 10 same ¢ fitB fit D
10307 0.4340.12 0.38 0.44  0.44
10°L5  0.73 £0.12 1.59 0.60  0.69
10°L5 —253+0.37 —291  —231 -—2.33

10° L7 =0 =0 =05 =02
10°LE  0.97+0.11 1.46 0.82  0.88
105 L% =0 =0 = 0.1 =0

10°LY  —0.3140.14 —0.49 —0.26 —0.28

10°LE  0.604+0.18 1.00 0.50 0.54
[] errors are very correlated
(1 =770 MeV, 550 or 1000 within errors
[] varying C! factor 2 about errors
0 Ly, L~ —0.3,...,0.6 1072 OK
(] fit B: small corrections to pion “sigma” term, fit scalar radius
(I fit D: fit 77 and 7K thresholds
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\ General Strategy and some comments I

fit 10 same ¢ fit B fit D
2 Bom /m? 0.736 0.991 1.129 0.958
m?2: pt, p° 0.006,0.258 0.009,=0 -0.138,0.009 —-0.091,0.133
2 .

m2: p*,p®  0.007,0.306 0.075=0 —0.149,0.094 —0.096,0.201
m2: p*,pS —0.052,0.318 0.013,=0 -0.197,0.073 -0.151,0.197

My /Mg 0.45+0.05 0.52 0.52 0.50
Fy [MeV] 87.7 81.1 70.4 80.4
Bic:p*p®  0169,0.051 0.22=0 0.153,0.067  0.159,0.061

(] m, = 0 always very far from the fits

[1 Fy: pion decay constant in the chiral limit
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-0.047
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022 |,
0215 f-.

0.21

0.205

0.2

0.195 “—
-0.

02
10° L,

10°L)

a8 = 0.220 £ 0.005, a% = —0.0444 £+ 0.0010
Colangelo, Gasser, Leutwyler

ag = 0.159 a3 = —0.0454 at order p?
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ag/? = 0224+ 0.022, a2, = —0.0448 % 0.0077
Buttiker, Descotes-Genon, Moussallam

at/? = 0.142 a2 = —0.0708 at order p?
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mmand TK

TUT constraints 1K constraints
0.6 . . — .
+
a 05 I~ ClO
a2
. 0.4 - (o —
2
ap
- 03
fa{e} n o © 02 -
— ]
™ (92
o o
-~ 4 — 01Ff
_ 0+
— -0.1
> -0.2

-0.3 : '
0.6 -0.4 -0.2 0 0.2 0.4 0.6
10% L}

preferred region: fit D: 10°L% ~ 0.2, 10°L% ~ 0.0
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\ K5 Definitions and V,, I

t
Scalar formfactor: fo(t) = fo(t) + mE 2 f-(t)
Usual parametrization: f+.0(t) = f+(0) (1 + >\+,0L2>
mﬂ'

Vs
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\ K5 Definitions and V,, I

t
Scalar formfactor: fo(t) = fo(t) + mE 2 f-(t)
Usual parametrization: f+.0(t) = f+(0) (1 + >\+,0L2>
mﬂ'

V.s|: ® Know theoretically f,(0) =1+ ---
# Short distance correction to G from G, Marciano-Sirlin
» Ademollo-Gatto-Behrends-Sirlin theorem: (m, — m)*

()
# Isospin Breaking Leutwyler-Roos K (0) = 1.022 In
_|_

Progress

Regensburg, 4/8/2006 ChPT at two loop order Johan Bijnens p.22/43



\ K5 Definitions and V,, I

t

Scalar formfactor: fo(t) = f+(t) +

. t
Usual parametrization: frot) = fi(0) (1 + >\+,0_2>
mﬂ'
Vus|: ® Know theoretically f,(0) =1+ ---
# Short distance correction to G from G, Marciano-Sirlin

» Ademollo-Gatto-Behrends-Sirlin theorem: (mg — m)2

()
# Isospin Breaking Leutwyler-Roos K (0) = 1.022 In
_|_

Progress

® Know experimentally f, (0)
o Radiative Corrections: Cirigliano et al., hep-ph/0110153
» Parametrize form-factor: is linear enough for f, (t) ?
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\ K5 Definitions and V,, I

t

Scalar formfactor: fo(t) = f+(t) +

. t
Usual parametrization: frot) = fi(0) (1 + >\+,0_2>
mﬂ'
Vus|: ® Know theoretically f,(0) =1+ ---
# Short distance correction to G from G, Marciano-Sirlin

» Ademollo-Gatto-Behrends-Sirlin theorem: (mg — m)2

()
# Isospin Breaking Leutwyler-Roos K (0) = 1.022 In
_|_

Progress

® Know experimentally f, (0)
o Radiative Corrections: Cirigliano et al., hep-ph/0110153

» Parametrize form-factor: is linear enough for f, (t) ?
Vaual* + \VuSP (O 9475 £ 0. 0016) + (0.0482 4+ 0.0011) = 0.9957 + 0.0019
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42
R—Iflﬂ +t ( 4C%g + 4C%) + loops(Ly)

3 , , 2
fJ(FG) (t) = —ﬁ(cm +C4y) (my —mi)" + —;

Fﬂ'
full result
1
Pion electromagnetic Form factor: 0.9 +
JB, Talavera 08 |

0.7 r

o = 0.00593 + 0.00043
0.6

V,2
Lol
T
I
e
i
——
o
L

05 —
—4CEs + 4C5, = 0.00022+0.00002 ’

04 r p
} data ———
VMD: RET ~ —4107° GeV? 03T
0.2 1 1 1 1 1
-0.25 -0.2 -0.15 -0.1 -0.05 0
t [Gevz]
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Krm
=R} =

—(4.740.5) 107° GeV?

(C_|_ = 3.2 GeV_4)
fixed by ChPT

—a, = 1.009 £ 0.004

=X, = 0.0170£0.0015

ChPT fit to f,(¢)

12 T T T T

1.18 -
1.16 -

1.14 | CPLEAR +—+—

1.12 + )
f+(t) flt ..........

1.08 -

106 - I

1.04 | o

1.02 -

0.98

0 0.02 0.04 0.08

0.1

0.12

Regensburg, 4/8/2006
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ChPT fitto f. (¢)

1.25
:>R4[_<fr — 12t -~ |
~2.5107° GeV” jr
115 KEK-PS E246 —+— ] ‘‘‘‘‘‘‘‘‘‘ .
) f.(t) ChPT fit ---------- l
(C+ = 3.2 GeV ) 1.1 L Ay =0.0278 e { HH] ]

fixed by ChPT

1.05 | H .
=a; = 1.006 HHH {
T : ‘__‘]_}_1_44&11

=Xy = 0.0214+0.0018 o5

0 0.02 0.04 0.06 0.08 0.1 0.12
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fo(t)

Main Result:
8 T r 2 2\ 2
fot) = 1- ﬁ(cm + C34) (mK — mw)
t r 'S 2 2 t
) _
—ﬁtQC{“Q + A(t) + A(0) .
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fo(t)

Main Result:
8 r r 2 2\ 2
folt) = 1- ﬁ(cm +C5y) (mye —m3)
t T T 2 2 t

8 __
—ﬁtQC{“Q + A(t) + A(0) .

A(t) and A(0) contain NO C7 and only depend on the L? at order p°
—
All needed parameters can be determined experimentally
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fo(t)

Main Result:
8 r r 2 2\ 2
folt) = 1- ﬁ(cm +C5y) (mye —m3)
t T T 2 2 t

8 __
—ﬁtQC{“Q + A(t) + A(0) .

A(t) and A(0) contain NO C7 and only depend on the L? at order p°
—
All needed parameters can be determined experimentally

A(0) = —0.0080 + 0.0057[loops] =+ 0.0028[L!] .

A(0) = —0.0227 (p*) + 0.0113 (p°® pure loop) + 0.0033 (p° L")

Regensburg, 4/8/2006 ChPT at two loop order Johan Bijnens p.26/43



\ V.s present status I

# More Theory: Dispersion theory relates slopes and
curvature in fo(t) Jamin, Oller, Pich

Cly+C%y =32+£15107° = f1(0), = 0.002 £ 0.009.
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\ V.s present status I

# More Theory: Dispersion theory relates slopes and
curvature in fo(t) Jamin, Oller, Pich
Cly+C%y =32+£15107° = f1(0), = 0.002 £ 0.009.

#» More Experiment:
s 2003: E865 K, branching ratio: strong increase

s 2004: KTeV K7, branching ratio: strong increase

s 2004: formfactor data KTeV (K°) and ISTRA+ (K T):
s Curvature seen, reasonable agreement with ChPT

s \g. old discrepancies gone?

p.27/43
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\ V.s present status I

# More Theory: Dispersion theory relates slopes and
curvature in fo(t) Jamin, Oller, Pich
Cly+C%y =32+£15107° = f1(0), = 0.002 £ 0.009.

#» More Experiment:
s 2003: E865 K, branching ratio: strong increase
s 2004: KTeV K7, branching ratio: strong increase

s 2004: formfactor data KTeV (K°) and ISTRA+ (K T):
s Curvature seen, reasonable agreement with ChPT

s \g. old discrepancies gone?
#® EXxpect both more theory and experiment (KLOE,NA48)

the unitarity problem might be on the way out

p.27/43

Johan Bijnens
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\ ChPT and Lattice QCD I

Mesons Quark Flow Quark Flow
Valence

Q-0 . 0 ..

Valence is easy to deal with in lattice QCD
IS very difficult
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\ ChPT and Lattice QCD I

Mesons Quark Flow Quark Flow
Valence

Q-0 . 0 ..

Valence is easy to deal with in lattice QCD
IS very difficult

They can be treated separately: i.e. different quark masses
Partially Quenched ChPT (PQChPT)

One LOOp or p4: Bernard, Golterman, Pallante, Sharpe, Shoresh,. ..

Vary valence — more guantities calculable, more studies

Regensburg, 4/8/2006 ChPT at two loop order Johan Bijnens p.28/43




\ PQChPT at Two Loops: General I

Add ghost quarks: remove the unwanted free valence loops

Mesons Quark Flow Quark Flow Quark Flow Quark Flow
Valence Valence Ghost

Q-Q., 0, 0.0

Possible problem: QCD — ChPT relies heavily on unitarity

Partially quenched: at least one dynamical sea quark
— ®g Is heavy: remove from PQChPT

Symmetry group becomes SU (n, + ng|ny,) X SU(ny + ngny)
(approximately)

Regensburg, 4/8/2006
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\ PQChPT at Two Loops: General I

Essentially all manipulations from ChPT go through to
PQChPT when changing trace to supertrace and adding
fermionic variables

Exceptions: baryons and Cayley-Hamilton relations

So Luckily: can use the n flavour work in ChPT at two loop
order to obtain for PQChPT: Lagrangians and infinities

Very important note: ChPT is a limit of PQChPT
— LECs from ChPT are linear combinations of LECs
of PQChPT with the same number of sea quarks.

E.g. Lj = Ly j2 4 ;70

p.30/43
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\ PQChPT at Two Loop I

Subject started.:
valence equal mass, 3 sea equal mass:

m72T+: JB,Danielsson,Lahde, hep-lat/0406017

Other mass combinations:

F_+: JB,Lahde, hep-lat/0501014

Fp+, m%, two sea quarks: JB,Lahde, hep-lat/0506004

m72T+: JB,Danielsson,Lahde, hep-lat/0602003
m%: JB,Danielsson,Lahde, hep-lat/0606017

[ [ heavy use of FORM Vermaseren

[] use PQ without super & in super-
Actual Calculations: ¢ symmetric formalism

[] Main problem: sheer size of the ex-

pressions
\
Iso breaking from lattice data: « and L extrapolations needed
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\ Long Expressions I




Long Expressions

51<¢(>2éf = me Ly [4/9Xx5xa — 1/2x1x3 + X35 — 1'3/'3‘0’(13 —35/18x2] — 2me L} x35
— e Ly [11/3 xnxa + X35 + 13/3Xa] +mi6 Ly [4/9 Xyxa — 7/12 x1x3 + 11/6 XT3 — 17/6 X1x13 — 43/36 X2]
+ 7 [—15/64 xyxa — 59/384 x1x3 + 65/384 35 — 1/2 X1x13 — 43/128 X2] — 48 LiLL Yaixas — T2 L5 X3
= 8LE Ny + A(xp) mie [~1/24x, +1/48X1 — 1/8 X1 Ry, +1/16 31 R — 1/48 RY, xnfl/lﬁRq,,x,,

+ 1/48 R}, xy +1/16 R Xm] + Alxp) L [8/3 R xp+2/3 Ry xp +2/3 RI,} + A(xp) LY [2/3 RE Xp
+ 5/3R,xp+5/3 R,,] + A(xp) LY [*2 Xlkm,n 2x1 Ry, +3x1 R’] + A(xp) L [72/3)(,”,1 - Ry, xp
+ 1/3RE xq+1/2R5xp — 1/6 Ry xg| + Alxp)? [1/16 4 1/72(RE,)* — 1/72 R, R + 1/288 (Rg)?]

+ A(xp)A(xps) [-1/36 R, —5/T2 RY, + T/144 R5] — A(xp)A(xgs) [1/36 RE, +1/24 RY, +1/48 Re]
+ A(xp)A(xy) [<1/72RE, Ry + 1/144 RERY ] + 1/8 A(xp) A(xas) + 1/12 A(xp) A(xas) R},

+ A(xp)B(xp: Xp:0) [1/4xp — 1/18 RL, RS xp — 1/T2 R, R + 1/18 (RS)? X, + 1/144 RSRY|

+ Al) B(xps X030) [1/18 RY, Ry xp — 1/18 R Ry xp] + A(xp) B(xas Xq:0) [-1/72 RY, Ry +1/144 R{Ry]
= 1/12 A(xp) B(Xps: Xps: 0) BE, Xps — 1/18 A(xp) B(x1. x3: 0) R, By, Xp

+ 1/18 A(x)C (Xps Xps Xpi 0) Ry Ry xpp + A(xpi€) m6 [1/8 X1 R, — 1/16x1 Ry, — 1/16 R x, — 1/16 Ry
+ A(xps) m6 [1/16 Xps —3/16 Xgs = 3/16 1] — 2 A(xps) Ly Xps — T-i(xw) L;{ Xps — 3 A(xps) L X1

+ Alxps) L x13 + A(xps)A(xy) [7/144 R}, — 5/72 R], — 1/48 R, + 5/72 R}l — 1/36 R]

+ Alps) B(Xps X3 0) [1/24 RE, X = 5/24 RE, Xps] + Alxps) Bxps X3 0) [~1/18 R Re X

- 1/9 R}R;,, X,“] —1/48 4()(,,~)B(Y,‘,)w 0) 1?" + I/ISA(XW)B(YLX‘g'[)) RE, xs
: +1/9 A(xp) B, X530, ) B, + 3/16 Alxpsi €) mis [y + 1] = 1/8 A0x0)> = 1/8 Ap) Axye)
+ 1/“§A(A114) (Yqh) - 1/‘%2‘4()(1)(') + A(xy) m6 [1/1(’)(1 s — 1/48R,,|3X77+1/1bR771:(X1‘4]
+ Alxq) Lo [ s X+ 2/3 Ry Xr:] = 8A(xn) LT Xy — 2A(xn) Ly X + Alxy) L [41?{]3 Xn +5/3 R:;ISXTI]
+ A(xy) Lj [4Xu + X1 R,,n] — A(xy) L [1/6 R}, xq + Ry x13 +1/6 Rys ‘(u] +1/288 AZl(Xu)E (R:}ls)z
+
+

1/12 AQxn) Axao) Rops + AGea) B(xp: Xp3 0) [=1/36 X751 — 1/18 RY, R, xp + 1/18 R, Ry xp

4 RGRY 5] + A(xa) B(xps X3 0) [—1/18x,',’£;;'+1/18&,;37%1/18( ) R Xo)

'}

— 1/18 A(xy) B(x1, X3:0) Biyy Ry Xy + 1/18 A(xy)C (X Xp» X3 0) Rl Rt xp + Alxi€) mis [1/8 g

— /1651 R}y — 1/8 Rl xy — 1/16 Ryis x| + A(x1)A(xs) [-1/72 R, RG +1/36 Ry, Ry, + 1/144 R{Ry]
— 4A(x13) Ly x1s — 10 A(xis) L xas + 1/8 A(xas)® — 1/2 A(x13)B(x1, x3: 0, k)

+ 1/4A(xsi€) moxas + 1/4 A(x1a)Alxaa) + 1/16 A(x16)A(xas) — 24 A(xa) Li xa — 6 A(xa) Ly xa

+ 12A(x) Ly xa + 1/12 A(xa) B(xps X3 0) (RE,)* x4 + 1/6 A(xa) B(xp X3 0) R, Ryly xa — R, R xa

A(xn) B(Xps» Xpsi 0) Rily Xps = A(xn) B(xns X 0) [1/216 R}y xa + 1/27 R}

— 1/24 A(xa) B(xn» X3 0) Riyg xa — 1/6 A(xa) B(x1, X33 0) Ry, R, xa + 3/8 A(xa;€) mi6 Xa
— 32 A(xa6) L xa6 — 8 A(xa6) Lb xa6 + 16 A(xas) L xa6 + A(xa6) B(Xp» Xp3 0) [1/9 xa6 + 1/12 R},

+ 1/36 Rjpyxa + 1/9 Rl x6] + Alxa6)B(xXps X0 0) [~1/18 R}, xa — 1/9 R}l x6 + 1/9 Rl X6 + 1/18 Ry xa]
1/6 ’1<X1b)B(,)(p~,‘(7l:O*k) [R,Zp - R’ ] +1/9 171<X'1h)B(X71'/\U'0) R,‘]‘” X46 — A(X‘16)B(X1vX3§U) [2/9 xa6
1/9 R, x6 + 1/18 Ry xa] — 1/6 A(xa6)B(x1,x3; 0, k) RYy + 1/2 A(xas: ) m16 Xa6
B(xp: xpi 0) 716 [1/16 X1 RE + 1/96 RY xp + 1/32 RS x| + 2/3 B(xp: X3 0) L R X
5/3 B(xp: Xp3 0) Ly Ry Xp + Blxps Xp30) L [=20X0m0xp — 4 RY, xp + 4 1Ry xp + 31 Ry
’( Xps Xps u) L [=2/3%00 xp — 4/3 RY, X% +4/3 Ry X3 + 1/2 Ri X, — 1/6 Rib xg

[Wxx,,,,.+8>2\H§,,‘(,,78x\1f,,x,,] + 4 B(xp, Xp: 0) Ly (R3)?
B(xp-x,, Lg [4/300, +8/3Rb, x5 —8/3 Ry x3] + Blxp: X3 0)* [*I/ISRZ,,R}fx;»+1/1gRLR§',Xp
1/288 (R,’{) ]+ 1/18 B(xp: Xpi 0)B(Xp: X 0) [RI, R X, — Ris R Xp)

plus several more pages
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\ Why so long expressions I

» Many different quark and meson masses (x;;)

» Charged propagators: —i G;(k) = p=iesz (i #J)

» Neutral propagators: G7;(k) = G5;(k) 0i5 — 71— GL.(k)

nsea
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\ Why so long expressions I

» Many different quark and meson masses (x;;)

» Charged propagators: —i G{;(k) = 1 2 (i # )

—Xij—l—%:
- — . q
» Neutral propagators: G} (k) = G{;(k) di; — n Gi;(k)
. n q - Rg Rc RZ;’“ R?rzz
ZGzz(k) (k2= xitie)? + k?—xi+ie + k?—xr+ic + k2 —xn+ic
T Dz Rd _ Dz
dkl — “45675kl> ¢t~ “Yidb6mn
c _ 7 7
R R47T77 + R57r77 + R67r77 o Rﬂnn Rmm
z Z  __ Xa—Xb z _ (Xa—Xxb) (Xa—Xe)
ab — Xa = Xb; abc T Ya—Xec’ abed — Xa—Xd

2 _ (Xa—x0)(Xa—Xc) (Xa—Xa)
abedefg ~ (Xa—Xe)(Xa—Xr)(Xa—Xg)
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\ Why so long expressions I

» Many different quark and meson masses (x;;)

» Charged propagators: —i G{;(k) = 1 2 (i # )

—Xij—l—%:
- — . q
» Neutral propagators: G} (k) = G{;(k) di; — n Gi;(k)
. n q - Rg Rc RZ;’“ R?rzz
ZGzz(k) (k2= xitie)? + k?—xi+ie + k?—xr+ic + k2 —xn+ic
T Dz Rd _ Dz
dkl — “45675kl> ¢t~ “Yidb6mn
c _ 7 7
R R47T77 + R57r77 + R67r77 o Rﬂnn Rmm
z Z  __ Xa—Xb z _ (Xa—Xxb) (Xa—Xe)
ab — Xa = Xb; abc T Ya—Xec’ abed — Xa—Xd

2 _ (Xa—x0)(Xa—Xc) (Xa—Xa)
abedefg ~ (Xa—Xe)(Xa—Xr)(Xa—Xg)

# Relations — order of magnitude smaller

Johan Bijnens p.33/43
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\ Double poles ? I
RO 00006,

So no resummation at the quark level:

naively a double pole

Same follows from inverting the lowest order kinetic terms
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\ Additional problem I

Many neutral states: diagonalizing lowest order very difficult

Use flavour basis instead but lowest order propagator as a
matrix not invertible

i J i k 1 J i k 1 m n J
+ + +

+ 0000

Gij = ng ™ ng(_i)zle?j T ng(—i)zsz?m(—i)Zmnng 4.
=G'(1+i2G")"!
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\ Additional problem I

can be done if ¥ and G diagonal: usual resummation

1 1
Pom? P w50

so works in the charged or off-diagonal or g¢’ sector

masses and decay constants, all mass cases worked out
for two and three flavours
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\ PQCHhPT at Two Loop I

Use lowest order mass squared: v; = 2Bym; = m?\(;)

Remember: y; ~ 0.3 GeV? =~ (550 MeV)? ~ border ChPT




\ PQChPT at Two Loop I

Use lowest order mass squared: v; = 2Bym; = m?\;(’)

Remember: y; ~ 0.3 GeV? ~ (550 MeV)? ~ border ChPT
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Relative corrections: mass decay constant
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\ When not diagonal ? I

a 0 0 Q
=ilopg o |-is| 3 (aT 3T @T)
0 0 —o Q

o = dlag (0417...70472,\/&1) 76: dlag (ﬁl)"‘?ﬂnsea) )
&T — (&17”'70571\@1) 75T — (517“‘7677/8%) ?

o = 1/ (p2 — Xi) , 0i = 1/ (p2 - Xnva1+’i) )
1

ijl,nsea 6j -

Regensburg, 4/8/2006
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\ When not diagonal ? I

R+S T8 —R
= 7 W T |. G= (G(—i)%)" GO.
~-R -T' R-5S n=0,00

G- =A+B+C+D,

aS 0 0 aR 0 —aR

A = 0 W 0 B= 0 0 0
0 0 S aR 0 —aR
0 oTt 0 Yo'

c=|sr o -—pr | D= -5 (a+¢ﬂm%—»y).
0 oTt 0 —oa

ChPT at two loop order
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\ When not diagonal ? I

Define A = > AN

nOoo

d» (-iG'S)" = ) ((A+ACA)D)" (A+ ACA)

n=0,00 n=1,00

+ A+ ABA+ ACA+ ACACA.




\ When not diagonal ? Final I

r—+ S L r

a
G=il| t w ot |-l b |(a" b a").
r th r—s a
s = aa, w=pB8, r=acRaa+acdT!BBTax,
_ ~ 0

t = fTaa, a=aa+allps, b=753, 6

T 14 63TW S

All poles and double poles get shifted consistently
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\ When not diagonal ? Final I

r—+ S L r

a
G=i| t w ot |-@lb|(a" ¥ ar)
r th r—s a
s = aa, w=pB8, r=acRaa+acdT!BBTax,
_ 0

T 1103w
All poles and double poles get shifted consistently

BUT valence poles are either charged or sea-quark only

neutrals = neutrals more difficult (L7 and n)

Regensburg, 4/8/2006 ChPT at two loop order Johan Bijnens p.41/43




\ The eta mass from PQChPT I

Expand around the double pole term

R()(t> — <7qui'(t,ﬁ: 0)7"']](37 — )> R()(t . OO) _ 27])\; |
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\ The eta mass from PQChPT I

Expand around the double pole term

From D can get L% (sharpe-shoresh) and has been extended
s8,panielsson t0 NNLO as well that all LECs relevant for m; can
be had from D.

p.42/43
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From D can get L% (sharpe-shoresh) and has been extended
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be had from D.
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| Conclusions I

o 3 flavour ChPT at 2 loops

s many calculations done

s things seem to work but convergence is fairly slow
s “kinematical” and “vector” C" seem to be OK
9

1, L nonzero but reasonable for large N,

s 1 — 3w isospin breaking part needed to p°, compare
with dispersive (see Ky,), status: infinities have
canceled

s 1S0 breaking in Ky3: partly programmed

# PQCHhPT at 2 loops: subject beginning, first phase
finished

Regensburg, 4/8/2006 ChPT at two loop order p.43/43




	Overview
	Effective Field Theory
	Power Counting
	Why Field Theory ?
	Why is the sky blue ?
	Chiral Perturbation Theory
	Chiral Perturbation Theory
	Two Loop: Lagrangians
	Constructing Lagrangians
	Constructing Lagrangians
	Constructing Lagrangians
	Integrals, Divergences, Subtractions
	Three Flavours at Two Loop
	General Strategy and some comments
	General Strategy and some comments
	General Strategy and some comments
	General Strategy and some comments
	$pi pi $
	$pi K$
	$pi pi $ and $pi K$
	$K_{ell 3}$ Definitions and $V_{us}$
	$f_+(t)$
Theory
	ChPT fit to $f_+(t)$
	ChPT fit to $f_+(t)$
	$f_0(t)$
	$V_{us}$ present status
	ChPT and Lattice QCD
	PQChPT at Two Loops: General
	PQChPT at Two Loops: General
	PQChPT at Two Loop
	Long Expressions
	Why so long expressions
	Double poles ?
	Additional problem
	Additional problem
	PQChPT at Two Loop
	When not diagonal ?
	When not diagonal ?
	When not diagonal ?
	When not diagonal ? Final
	The eta mass from PQChPT
	Conclusions

