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New stuff in Lund I

Three extensions to Chiral Perturbation Theory:

# Hard pion Chiral Perturbation Theory (one-loop)
s main part of the talk

# |eading logarithms to high orders (up to 6 loops)
s a bit of an overview

# Chiral Extrapolation Formulas for Technicolor and
QCDlike theories

o Only in the extremely unlikely case of time left

Lund karnfysikermoéte 10/11/2011 Chiral Perturbation Theory in New Surroundings




New stuff in Lund I

Three extensions to Chiral Perturbation Theory:

# Hard pion Chiral Perturbation Theory (one-loop)
s main part of the talk

# |eading logarithms to high orders (up to 6 loops)
s a bit of an overview

# Chiral Extrapolation Formulas for Technicolor and
QCDlike theories

s l.e. equal mass ChPT for (at two loops)
s SUM) x SUn)/SU(n)
s SU(2n)/S0O(2n)
s SU((2n)/Sp(2n)

s JB + Jie Lu, arXiv:0910.5424, arXiv:1102.0172,
arXiv:1111.1886 (yesterday)
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Overview I

o Effective Field Theory
o Chiral Perturbation Theor(y)(ies)
# Hard Pion Chiral Perturbation Theory
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Overview I

o Effective Field Theory
o Chiral Perturbation Theor(y)(ies)

# Hard Pion Chiral Perturbation Theory
» K3 Flynn-Sachrajda, arXiv:0809.1229
s K — 7w JB+ Alejandro Celis, arXiv:0906.0302

o F° and EY JB + llaria Jemos, arXiv:1011.6531 a two-loop
check

B, D — 7 JB + llaria Jemos, arXiv:1006.1197
B, D — mw K,n JB + llaria Jemos, arXiv:1011.6531
Xe(J =0,2) = 7w, KK, nn JB+llaria Jemos, arxiv:1109.5033

Some examples which do not have a chiral log
prediction

o o o o
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Overview I

Effective Field Theory

Chiral Perturbation Theor(y)(ies)

Hard Pion Chiral Perturbation Theory

Leading logarithms at high orders in the massive

nonlinear sigma model and large N.

o Mass
JB, Carloni, arXiv:0909.5086

s F., Fy, Fg, mm-Scattering
JB,Carloni, arXiv:1008.3499

s Adding the anomaly (and some higher orders)
JB, K. Kampf, S. Lanz, in preparation

© o o o

Johan Bijnens
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Wikipedia |

http://en.w ki pedi a.org/w ki/
Effective_field.theory

In physics, an effective field theory is an approximate theory
(usually a quantum field theory) that contains the
appropriate degrees of freedom to describe physical
phenomena occurring at a chosen length scale, but ignores
the substructure and the degrees of freedom at shorter
distances (or, equivalently, higher energies).
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Effective Field Theory (EFT) I

Main Ildeas:

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

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

( Solid state physics: conductors: neglect
the empty bands above the partially filled
Examples: < one

Atomic physics: Blue sky: neglect atomic
. structure
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EFT:. 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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EFT:. 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 ?
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EFT:. Power Counting I

[] gap in the spectrum — separation of scales

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

L1 co# parameters
[1 Where did my predictivity go ?

Need some ordering principle: power counting
Higher orders suppressed by powers of 1/A
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Chiral Perturbation Theory I

Exploring the consequences of the chiral symmetry of QCD
and Its spontaneous breaking using effective field theory
techniques
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Chiral Perturbation Theory I

Exploring the consequences of the chiral symmetry of QCD
and Its spontaneous breaking using effective field theory
techniques

Derivation from QCD:
H. Leutwyler, On The Foundations Of Chiral Perturbation Theory,
Ann. Phys. 235 (1994) 165 [hep-ph/9311274]
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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 = Z 1qrPqr + iqrPar — mq (Gr9L + qL4R)]
q=u,d,s

So if mg =0then SU(3), x SU(3)rg.

Lund karnfysikermote 10/11/2011 Chiral Perturbation Theory in New Surroundings




Chiral Perturbation Theory I

(@q) = {qLqr + qraL) # 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

We have 8 candidates that are light compared to the other
hadrons: 7", 7, 7= KT K~ K" KV p

p.10/79
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Chiral Perturbation Theory I

(@q) = {qLqr + qraL) # 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 (all lines soft):

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

2 1 2y 4 4
[ty y (p*) (1/p*)p* =p

Chiral Perturbation Theory in New Surroundings
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Chiral Perturbation Theories I

Baryons

Heavy Quarks

Vector Mesons (and other resonances)
Structure Functions and Related Quantities

© o o o 0

Light Pseudoscalar Mesons
s Two or Three (or even more) Flavours

s Strong interaction and couplings to external
currents/densities

s Including electromagnetism
s Including weak nonleptonic interactions
s Treating kaon as heavy

Many similarities with strongly interacting Higgs
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Hard pion ChPT? I

# In Meson ChPT: the powercounting is from all lines in
Feynman diagrams having soft momenta

# thus powercounting = (naive) dimensional counting
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Hard pion ChPT? I

# In Meson ChPT: the powercounting is from all lines in
Feynman diagrams having soft momenta

# thus powercounting = (naive) dimensional counting

# Baryon and Heavy Meson ChPT: p,n,... B,B* or D, D*
s p=Mpv+Ek
s Everything else soft

» Works because baryon or b or ¢ number conserved
so the non soft line Is continuous

p

s See talk by Fissum for some experimental tests

p.12/79
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Hard pion ChPT? I

# In Meson ChPT: the powercounting is from all lines in
Feynman diagrams having soft momenta

# thus powercounting = (naive) dimensional counting

# Baryon and Heavy Meson ChPT: p,n,... B,B* or D, D*
s p=Mpv+Ek
s Everything else soft

» Works because baryon or b or ¢ number conserved
so the non soft line Is continuous

s Decay constant works: takes away all heavy
momentum

s General idea: M, dependence can always be
reabsorbed in LECs, is analytic in the other parts k.

p.12/79
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Hard pion ChPT? I

# (Heavy) (Vector or other) Meson ChPT:
s (Vector) Meson: p = Myv + k
s Everyone else softor p = Myv + k
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Hard pion ChPT? I

# (Heavy) (Vector or other) Meson ChPT:
s (Vector) Meson: p = Myv + k
s Everyone else softor p = Myv + k
s But (Heavy) (Vector) Meson ChPT decays strongly
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Hard pion ChPT? I

# (Heavy) (Vector or other) Meson ChPT:
s (Vector) Meson: p = Myv + k
s Everyone else softor p = Myv + k
s But (Heavy) (Vector) Meson ChPT decays strongly
s First: keep diagrams where vectors always present
s Applied to masses and decay constants

s Decay constant works: takes away all heavy
momentum

s It was argued that this could be done, the
nonanalytic parts of diagrams with pions at large
momenta are reproduced correctly iB-Gosdzinsky-Talavera

s Done both in relativistic and heavy meson formalism

» General idea: My dependence can always be
reabsorbed in LECs, is analytic in the other parts k.

Johan Bijnens

p.13/79
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Hard pion ChPT? I

# Heavy Kaon ChPT:
s p=Mgv+Ek
s First: only keep diagrams where Kaon goes through

s Applied to masses and 7K scattering and decay
constant Roessl,Allton et al.,. ..

s Applied to K3 at ¢2,,,.. Flynn-Sachrajda
» Works like all the previous heavy ChPT

p.14/79
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Hard pion ChPT? I

# Heavy Kaon ChPT:
s p=Mgv+Ek
s First: only keep diagrams where Kaon goes through

s Applied to masses and 7K scattering and decay
constant Roessl,Allton et al.,. ..

s Applied to K3 at ¢2,,,.. Flynn-Sachrajda

°

Flynn-Sachrajda argued K3 also for ¢ away from ¢2 .

# JB-Celis Argument generalizes to other processes with
hard/fast pions and applied to K — 7w

® JBJemos B, D — D, w, K,n vector formfactors,
charmonium decays and a two-loop check

#® General idea: heavy/fast dependence can always be
reabsorbed in LECs, is analytic in the other parts k.

Lund karnfysikermoéte 10/11/2011
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Hard pion ChPT? I

# nonanalyticities in the light masses come from soft lines
# soft pion couplings are constrained by current algebra

lim<7rk(q)oz\0\ﬁ> = (af [ngaO} 18)

1
q—0 Fﬂ
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Hard pion ChPT? I

# nonanalyticities in the light masses come from soft lines
# soft pion couplings are constrained by current algebra

lim<7rk(q)oz\0\5> = (af [ngaO} 18)

1
q—0 Fﬂ

Nothing prevents hard pions to be in the states « or

°

#® S0 by heavily using current algebra | should be able to
get the light quark mass nonanalytic dependence

p.15/79
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Hard pion ChPT? I

Field Theory: a process at given external momenta

# Take a diagram with a particular internal momentum
configuration

# |dentify the soft lines and cut them
# The result part is analytic in the soft stuff

# So should be describably by an effective Lagrangian
with coupling constants dependent on the external
given momenta (Weinberg’s folklore theorem)

#® Envisage this effective Lagrangian as a Lagrangian in
hadron fields but all possible orders of the momenta
Included.

Lund karnfysikermote 10/11/2011 Chiral Perturbation Theory in New Surroundings
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Hard pion ChPT?

This procedure works at one loop level, matching at tree
level, nonanalytic dependence at one loop:

#® Toy models and vector meson ChPT ig, Gosdzinsky, Talavera
#® Recent work on relativistic baryon ChPT cegelia, Scherer et al.

o Extra terms kept in many of our calculations: a one-loop
check

# Some two-loop checks

Lund karnfysikermote 10/11/2011
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Hard pion ChPT? I

# This effective Lagrangian as a Lagrangian in hadron

flelds but all possible orders of the momenta included:
possibly an infinite number of terms

# If symmetries present, Lagrangian should respect them

# | but my powercounting is gone
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Hard pion ChPT? I

# This effective Lagrangian as a Lagrangian in hadron
flelds but all possible orders of the momenta included:
possibly an infinite number of terms

°

If symmetries present, Lagrangian should respect them

# |n some cases we can prove that up to a certain order
In the expansion in light masses, nhot momenta, matrix
elements of higher order operators are reducible to
those of lowest order.

# Lagrangian should be complete in neighbourhood of
original process

# Loop diagrams with this effective Lagrangian should
reproduce the nonanalyticities in the light masses
Crucial part of the argument

Lund karnfysikermote 10/11/2011 Chiral Perturbation Theory in New Surroundings

p.18/79



The main technical trick I

# For getting soft singularities in an integral we need the
meson close to on-shell

# This only happens in an area of order m*
® Sotypically [d*p 1/(p* — m?) ~ m*/m? butif §,¢ on that
propagator we get an extra factor of m.

#® SO extra derivatives are only at same order if they hit
hard lines

# and then they are part of the hard part which can be
expanded around

p.19/79
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K — 27 in SU(2) ChPT

2
L2 = T () + (),

1 —2
W = VKK - KK
57(3.;)( = A {u " NKTK + Ay (ufu” )V, KTV, K + A3KT K + - -

Add a spurion for the weak interaction AT =1/2, Al = 3/2
JB,Celis
Wt = o) 1)1 (9))

by — tqi/z =t 5(9 gp)il

Lund karnfysikermote 10/11/2011
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K — 27 in SU(2) ChPT

The Al =1/2terms: 1 5 = t1 oul

£1/2 — ZE1 7'1/2K + E2 Tl/QUMV,uK —|—’I:E3<UMUM>7'1/2K
—|_’iE4Tl/2X+K + ’iE5<X+>Tl/2K + E67'1/2X_K
+E7{x-)71 2K + i Eg(upuy )71 o VIVIK + -+ - + hec..

Note: higher order terms kept in both £, , and Ef}( to
check the arguments

Using partial integration,. . .:
<ﬂ(p12)7r(pz)!O!K (PK)) =
f(M)(m(pr)m(p2)|m 2 K| K (p)) + AM? + O(M*)

O any operator in L, ;5 or with more derivatives. similarfor 2,

Johan Bijnens p.21/79

Lund karnfysikermote 10/11/2011 Chiral Perturbation Theory in New Surroundings




K — 7 Treeleve I

<

(b)

1 —32 —4
A(l)/O — % [—§E1 + (Fo —4FE3) M e + 2E3M 5 + A1 Eq

3 1
LO
ALO \/;FQ [( 2Dy + Do) My
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K — 7. Oneloop I
—<

T

(@) (b) (c) (d)




K — 7. Oneloop I

Diagram Ag Az
7 2F2 2E2 ALO 2F2 ALO
(a) \V/3i (—1E1 + 2E2M§<) i (—§D2MK)
0) | VBi(—g5B1 — ({5 B2+ BBs) My + B BsMy ) | \/3i (— 5Dy + T1D2) M
(e) \/5731—6141531
(f) V/3i (%E& + %AlEl)

The coefficients of A(M?2)/F* in the contributions to Ag and A>. Z denotes the part from

wave-function renormalization.

M2

9 Z(M2) 167T2 log

® K intermediate state does not contribute, but did for
Flynn-Sachrajda

Lund karnfysikermote 10/11/2011
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K — 7. One-loop I

ANEO = ALO (1 + S—;Z(M2)> + AoM? + O(M*Y),
15 —
ANEO = AL0 (1 + S—;A(M2)> + MM+ O(M?Y.
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K — 7. One-loop I

ANEO = ALO (1 + S—;Z(M2)> + AoM? + O(M*Y),

15 —
ANEO = AL0 (1 + S—;A(M2)> + MM+ O(M?Y.

Match with three flavour SU(B) calculation Kambor, Missimer,
Wyler; JB, Pallante, Prades

. JEC F4 1 _ 10V3CFy | —
apro - WSO (o Loy Yar,  apro - AWIOR G
T F2 9F g F2

When using r. = F (1+ ZAM?) + 217) , Fie = Fie (1+ gz A(M?) + - ),

logarithms at one-loop agree with above
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Hard Pion ChPT: A two-loop check I

# Similar arguments to JB-Celis, Flynn-Sachrajda work for the
pion vector and scalar formfactor JB-Jemos

#® Therefore at any ¢ the chiral log correction must go like
the one-loop calculation.

# But note the one-loop log chiral log is with t >> m?2

® Predicts
Fy(t, M2) = Fy(t,0) (1 AL In M +0(M2))

Fs(t, M?) = Fs(1,0) (1 - 31 ln ;4 O(M2)

o Note that Fy g(t,0) IS now a coupling constant and can
be complex

Lund karnfysikermote 10/11/2011
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A two-loop check I

Full two-loop ChPT JB,Colangelo, Talavera, expand in ¢ >> m?2:

Fy(t, M2) = Fy(t,0) (1 X 2F2 In M’ +0(M2))
ln

Fy(t, M?) = (1 _ 5 M +0(M2))
with
Fy(t,0) =1+ 14 ze ( 167T2lf'“ —” — %ln %)

Fs(t, ()) =t W—QFQ (1 -+ 16772l4 +m — In %)

#® The needed coupling constants are complex

# Both calculations have two-loop diagrams with
overlapping divergences

# The chiral logs should be valid for any ¢t where a
pointlike interaction is a valld apprOX|mat|on

Lund karnfysikerméte 10/11/2011 Chiral Perturbation Theory in New Sur Johan Bijne
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Electromagnetic formfactors I

<%
S
|
;qN
>
S
p—
_|_
e
3
.\i[/\')
_|_
-~
S
<
_|_
O
S
T_ED
N




B,D—m K,n I

(Pr(ps) |@ivpar| i) = (i +pp)uf+ (@) + (0i — pf)uf-(0°)
f—i—B—>M(t) — ffB%M(t)FB%M

fepom(t) = fAp_ O FB_nr

°

Fp_. Is always the same for f., f_ and fj

# This is not heavy quark symmetry: not valid at endpoint
and valid also for K — 7.

# Not like Low’s theorem, not only dependence on
external legs

# Turned out to be a consequence of LEET: only one
form-factor in this limit.

p.29/79
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B,D—m K,n

3 _
Fr_n = 1+ S?A(mi) (2 — flavour)
3 9 A(m?2) 1 3 A(m?2) 1 1 A(m?2)
F T — 1 — _ 2 ™ _ _ 2 K T - 2 n
B= +<8+89> F2 +<4+49> F2 +<24+89 F2
9 ,A(m?2) 1 3 A(m2) 1 1 A(m?2)
o 142, = L 99 K L1 2) n)
BoK T39 T +<2+4g ) F2 +<6+89 F2
3 9 A(m?2) 1 3 A(m2.) 1 1 A(m?2)
r _ 1 S 9 9 - L35 K L n
B +<8+8g> F2 +<4+4 ) F2 +<24+89 F2
3Am2) (1 3 .\ A(m%) ( 11 2> A(m3)
F I i UL 1.3 1.1
Bs=K N +<4+29 ) 2 \21 739 ) g
1 3 A(m2) 1 1 A(m?2)
r _ 1 L9 9 K L 109 n)
Bs=m +<2+2g > F2 +<6+29 ) F2

Fp, .+ vanishes due to the possible flavour quantum numbers.

Lund karnfysikermote 10/11/2011
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Experimental check I

CLEO data onf, (¢*)|V| for D — 7 and D — K with
[Veq| = 0.2253, |Ves| = 0.9743

12 r
f+D—>T[ L —_——
f+D—»K
11
. -
N
O
N
0.9 r

0.8 } ]
ol |
0 02 04 06 0.8 1 1.2 14
q° [GeV?]
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Experimental check I

CLEO data onf, (¢*)|V| for D — 7 and D — K with
[Veq| = 0.2253, |Ves| = 0.9743

1.2 + . 1.2 +
f+ D-K f+ D-K
1.1 + . 1.1 ]
. 1¢F T ] . . 1r i
N AN
kS 1 kS
\-|—+ l-|—+
09 | . 09 ]
0.8 | } ] . 0.8 { 1
07 | { . 07
0O 02 04 06 08 1 12 14 0O 02 04 06 08 1 12 14
o [Gev?] o [Gev?]

f—I—D—>7r — f+D—>KFD—>7r/FD—>K
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Applicationsto char monium I

We look at decays x.o, xe2o — 7w, KK, nn

® J/v,9(nS), x.1 decays to the same final state break
Isospin or U-spin or VV-spin, they thus proceed via
electromagnetism or quark mass differences: more
difficult.

#® So construct a Lagrangian with a chiral singlet scalar
and tensor field.

® Ly, = BiF§ xo (ulupu) + EaF xb” (upu) .

°

Chiral Perturbation Theory in New Surroundings p.32/79
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Applicationsto char monium I

We look at decays x.o, xe2o — 7w, KK, nn

® J/v,9(nS), x.1 decays to the same final state break
Isospin or U-spin or VV-spin, they thus proceed via
electromagnetism or quark mass differences: more
difficult.

#® So construct a Lagrangian with a chiral singlet scalar
and tensor field.

® Ly, = BiF§ xo (ulupu) + EaF xb” (upu) .

°

#» No chiral logarithm corrections

# Expanding the energy-momentum tensor result
Donoghue-Leutwyler at large ¢? agrees.

#® These decays should have small SU(3)y breaking

Lund karnfysikermote 10/11/2011
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Charmonium I

# Phase space correction: |p1| = \/mi — 4m3, /2.

® Xco-
s Axpr-p2= (m?< —2m%) /2.
s = [Go= BRI/ (r)]

< XCZ:
s Ao Ty p1upa. (Polarization tensor)

s |AP o< 230 T prupa TX  prapas =

2 .
30 (my —4mp)” o< [
s = Gy =/ BR/[pil/I;1?|.

® x2for K{KY to KOKO, x2/3 for nm to 7t m—.
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Charmonium I

Xc0 X2
Mass 3414.75 &+ 0.31 MeV 3556.20 & 0.09 MeV
Width 10.4 + 0.6 MeV 1.97 + 0.11 MeV
Final state 103 BR 1010 Go[MeV —5/2] 103 BR 100G, [MeV —5/2]
T 8.5+ 0.4 3.15 £ 0.07 2.42 4+ 0.13 3.04 £+ 0.08
KTK~ | 6.06+0.35 3.45 4+ 0.10 1.09 + 0.08 2.74 4+ 0.10
KJK? 3.15+£0.18 3.52 £ 0.10 0.58 £ 0.05 2.83 £0.12
mm 3.03 £0.21 2.48 £ 0.09 0.59 =+ 0.05 2.06 =+ 0.09
n'n’ 2.02 £ 0.22 2.43 £0.13 <0.11 < 1.2

Experimental results for x .o, xco — PP and the factors corrected for the known m? effects.

# 7rand KK are good to 10% (Note: 20% for Fx/Fr)
® nn OK
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Caveat utilitor: let theuser beware I

# This is not a simple straightforward process

o Especially the proof that it all reduces to a single type of
lowest order term can be tricky.

#® Some examples where it does not work easily:

s V'V two-point function has two types of lowest order
terms: (LR) and (LL) + (RR) (no derivative structure
Indicated)

s Scalar form factors in three flavour ChPT, again two
types of lowest order terms (x) and (x)(u,u")
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Caveat utilitor: let theuser beware I

# This is not a simple straightforward process

o Especially the proof that it all reduces to a single type of
lowest order term can be tricky.

#® Some examples where it does not work easily:

s V'V two-point function has two types of lowest order
terms: (LR) and (LL) + (RR) (no derivative structure
Indicated)

s Scalar form factors in three flavour ChPT, again two
types of lowest order terms (x) and (x)(u,u")
s In SU(2) these two types are the same hence our
check still worked for the scalar form-factor
s For the vector formfactor the second type vanishes
or gives for the SU(2) case no contribution
because of G-parity.

Chiral Perturbation Theory in New Surroundings
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ConclusonsHPChPT I

Why is this useful:

K
9
9

Lattice works actually around the strange quark mass
need only extrapolate in m, and my.

Applicable in momentum regimes where usual ChPT
might not work

Three flavour case useful for B, D, y. decays
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L eading Logarithms I

# Take a quantity with a single scale: F'(M)

#® The dependence on the scale in field theory is typically
logarithmic

® L =log(u/M)
F=Fy+FlL+F}+F}L?+F!L+F}+F3L% + -
# Leading Logarithms: The terms F' L™

°

The F'" can be more easily calculated than the full result

® . (dF/du) =0

# Ultraviolet divergences in Quantum Field Theory are
always local

Lund karnfysikermoéte 10/11/2011
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Renor malizable theories I

» Loop expansion = « expansion
® F=a+fla?L+fia?+ f2a3 L%+ fia’ L+ fas+ fiat L3+ -
® fJ are pure numbers

do

p= = foa® + ro’ + -
L4

p.38/79
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Renor malizable theories I

® Loop expansion = a expansion
® F=a+fla?L+fia?+ f2a3 L%+ fia’ L+ fas+ fiat L3+ -

» [/ are pure numbers

d
¥ ) “_&:ﬁo&2+51&3+
ar
dF
» M@:Oi Bo=—fl=fo=—f3="-

Lund karnfysikermote 10/11/2011 Chiral Perturbation Theory in New Surroundings p.38/79




Renormalization Group I

# Can be extended to other operators as well
dF
M@ =
Gell-Mann-Low, Callan—Symanzik, Weinberg—'t Hooft

°

Underlying argument always 0.

In great detail: J.C. Collins, Renormalization
Relies on the « the same in all orders
LL one-loop 5y

NLL two-loop 51, fi

© o o o 0
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Renormalization Group I

# Can be extended to other operators as well
dF

Gell-Mann-Low, Callan—Symanzik, Weinberg—'t Hooft

°

Underlying argument always 0.

In great detail: J.C. Collins, Renormalization
Relies on the « the same in all orders
LL one-loop 5y

NLL two-loop 51, fi

© o o o 0

°

In effective field theories: different Lagrangian at each
order

# | The recursive argument does not work
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Welnberg's argument I

Weinberg, Physica A96 (1979) 327

o o

Two-loop leading logarithms can be calculated using
only one-loop

Weinberg consistency conditions
7w at 2-loop: Colangelo, hep-ph/9502285
General at 2 loop: JB, Colangelo, Ecker, hep-ph/9808421

e o o o

Proof at all orders using 5-functions
Blchler, Colangelo, hep-ph/0309049

°

Proof with diagrams: JB, Carloni, arXiv:0909.5086
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Welnberg's argument I

1. dimensional regularization scale
d=4—w
loop-expansion = h-expansion
[bare _ ZnZO hnlu—nwﬁ(n) _

R W Cl(g) O(”)
an() H Zz k=0,n wk i

L7 I-loop contribution at order A"

© o o o

°

°

Expand in divergences from the loops (not from the
counterterms) L} = >, o, ==L}

9o L(n) — n
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Welnberg's argument I

Mass = 0 +

(o
QO
— O




Welnberg's argument I

e 1 LY
1

» h': ” (b Loo({ch) + L1y) + 1 Lyo({c}o) + L1
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Welnberg's argument I

® 1 LY
1

» h': ” (b Loo({ch) + L1y) + 1 Lyo({c}o) + L1

1
s Expand g% zl—wlog,u+§w2log2,u+---

s 1/w must cancel: L{,({c}1) + Li; =0
this determines the i,

s EXxplicit log u: —log,uL(l)O({C}(l)) =logp L
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All orders I

o Nn'
(W L (e + L (e +

w?’L
1
— 1
Ly (o) + D) + —g o+
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All orders I

< h;/:
W(M—nw n({c}n)_|_1u (n—1)w n({c )
—w7rn n 1
L () 4 L) +

o 1/w”, log p/w™ 1, ... log" ! u/w cancel:

ng o)y =0 j=0,..,n—1

1=0

Lund karnfysikermoéte 10/11/2011
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All orders I

o O
(L) 4 I (e +
L (D) + L0 ) + g
o 1/w”,log,u/w”_l,...,logn_1 u/w cancel:
ng o)y =0 j=0,..,n—1
1=0

» Solution: L, ,({c}}) = (1)’ ( ) ) L,
()
o explicit leading log i+ dependence and divergence

_1\n—1
D e (e &({c}m:——L (e

Chiral Perturbation Theory in New Surroundings Johan Bijne p.44/79
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Massto i’
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Massto i’

o hl: 0 . 1
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Massto i’ I

o hl: 0 . 1

o h*: L 0 — 2

\ /
1.
# butalso needs at: Aok =
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Massto order i’

.

[
\

)

QL




(o] (o]
(o}
(14) (19) (20)
(o] (]
o] [0] (0]
(32) (33)
(45) (46)
||
{0}

(53) (58)

1)

H‘E

(84)

LI

oorder i°

(o] {o]
{0] (0]
8) 9)

S

e
L

{0] (0]

@3) @6)
(o] ] {0] ]
(0] [o]

(36) (39)
(0] [o]

(49) (52)
(1] (] (1] ]
(0] {0]

(62)

D
a

),.

©
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® © 0

0
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M ass+decay to i’ I

hl: 18 + 27
h?: 26 + 45
: 33+ 51
h*: 26 + 33
h°: 13 + 13

e o o o b
%

°

Calculate the divergence

°

rewrite it in terms of a local Lagrangian

# Luckily: symmetry kept: we know result will be
symmetrical, hence do not need to explicitly rewrite the
Lagrangians in a nice form

#® We keep all terms to have all 1PI1 (one particle
Irreducible) diagrams finite

Lund karnfysikermote 10/11/2011
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Massive O(/N) sigma modéel

® O(N +1)/O(N) nonlinear sigma model

® L= %28M<I>T6“<I> + 2T,

o disareal N +1vector; ® — O®; d''d = 1.

® Vacuum expectation value (®') = (10...0)

» Explicit symmetry breaking: x* = (M2 0...0)

# Both spontaneous and explicit symmetry breaking
& N-vector ¢

#® N (pseudo-)Nambu-Goldstone Bosons

#® N = 3is two-flavour Chiral Perturbation Theory

Lund karnfysikermote 10/11/2011 Chiral Perturbation Theory in New Surroundings
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Massive O(N) sigma model: ¢ vs ¢

’ )Gasser, Leutwyler

1 — 19" ¢
1 2 F2
¢T¢<9> " 1676 &
\/1 + F \/1 T 1 FF
similar to Weinberg only mass term
COS ¢;§b
o Oy = CCWZ
Y

FQ\/¢T

Chiral Perturbation Theory in New Surroundings Johan Bijnens p.51/79
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Massive O(N) sigma model: Checks

Need (many) checks:
# use the four different parametrizations
# compare with known results:

1 17
M2y, = M? (1—§LM+§L?W+---> ,
M2 ,LL2
Ly = log —
M = 622 ©5 M?

Usual choice M = M.

# large N (but known results only for massless case)
Coleman, Jackiw, Politzer 1974

# large N massive later found partly in appendix of Kivel,
Polyakov, Vladimirov on distribution functions.
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Results I

Mghys = M?*(1+ a1 Ly + agl4, + a3l + ...)

M?2 2
Ly = 157 log %

| | a;, N =3 | a; forgeneral N
_1 _ N
1 2 1 -3
17 7 7N | 5 N?
2 el T W
__ 103 37 113N | 15 N*  ar3
3 24 12 21 T~ 1 N
A 24367 839 _ 1601 N 695 N? 135 N3 4 231 N4
1152 144 144 48 16 128
5 8821 33661 _ 1151407 N | 197587 N2 12709 N3 4 6271 N* 7 N°
144 2400 43200 4320 300 320 2

Fonys, (Gigi) as well done

Anyone recognize any funny functions?
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Large N I

Power counting: pick £ extensive in N = F? ~ N, M? ~ 1

& N

# 1PI diagrams:

NLZN]—ZnNQn—I—l

= N, =Y, (n—1)Ng, — sNgp+1
2N; + Ng = ZnQnNQn

N
NNE/2—1

Chiral Perturbation Theory in New Surroundings

# diagram suppression factor:
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Large N I

# diagrams with shared lines are suppressed

2N
X

each new loop needs also a new flavour loop

# inthe large N limit only “cactus” diagrams survive:
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large N: propagator I

Generate recursively via a Gap equation

—= -y 0, O +®+®+---

= resum the series and look for the pole

2 2 N A 2
M2 = M2, 1+ PEAME,)
- 2 2
A(m?) = o log £

Solve recursively, agrees with other result

Note: can be done for all parametrizations
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large N I

2

s = (@000 /1 7 By

Comments:
#® These are the full* leading N results, not just leading log

# But depends on the choice of N-dependence of higher
order coefficients

® Assumes higher LECs zero ( < N™t! for i)
# Large N asin O(N) not large N,
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L arge N: Checking expansions I

2
phys \/1 + F2A Mphys)

much smaller expansion coefficients than the table, try

M? =Mz (1+diLy,, +doL5,  +dsly, —+..)

phys p phys phys
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Numerical results

1.01 T T T T T T T
1
0.99
0.98
0.97
[aY]
=
2 096 7
ws
0.95 | 7
0
0.94 o
. 2 ................ .'.‘~.
093 - 4 . ee en ..."'-._ i
5 — T
0.92 | e
0.91 ' ' ! ' ' ' '

02 004 0.6 Mzc[J.G():VQ] 01 012 014 0.6
M2h 2 3

F =90 MeV, u=0.77 GeV
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Numerical results

1.01 : : , , , , . . . . . . . :
] 108 .
1 ........
0.99 P
1.06 3
0.98 : 4-
5 [
0.97
o B
> . ['iyo%
S ‘.‘ 1 4 | ]
2 096 - s 1
= s
0.95 i
0
[REEREE 1.02
0.94 N -
093 | . _
5—— T
0.92 - e !
1 1 1 1 1 1 1
0.91 ' ' ' ' ' ' : 0O 002 004 006 008 01 012 014 016

0 002 004 006 008 01 012 014 0.16
M? [GeV?]

= 1—|-CL1LM—I—CL2L?W—I—CL3L?W—I—---
nght =1+ dlLMphys
F=90MeV, n=0.77 GeV

2
Mhys
M?

2 3
—+ dQLMphys —+ dgLM

M2y [GeV?]

phys
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Large N: mr-scattering I

# Cactus diagrams for A(s,t,u)
# Branch with no momentum: resummed by =—
# Branch starting at vertex: resum by

ol = > +>€k+@+@+@+

® The full result is then

X YO YOO

# Can be summarized by a recursive eguation

==X X
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Large N: nr scattering I

A 2
Yy = WA(Mphys)
S M?
F2(1 2 3/2
A(S,t, U) o - (1+y) MQF (1+y)
S 2 2
) (F2(1+y) - P21+ )3/2) B(Mphys’ Mphys’ s)
or
S—Mghys
F2
A(s,t,u) = S
|- N o B2 M2 )
2 thys phys’ “"“phys’

® M? — 0 agrees with the known results
#® Agrees with our 4-loop results
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Other results I

® Bissegger, Fuhrer, hep-ph/0612096 Dispersive methods,
massless Il g to five loops

® Kivel, Polyakov, Vladimirov, 0809.3236, 0904.3008, 1004.2197,
1012.4205
s In the massless case tadpoles vanish
—> number of external legs needed does not grow
All 4-meson vertices via Legendre polynomials

can do divergence of all one-loop diagrams
analytically

algebraic (but quadratic) recursion relations
massless 7w, Fy and Fg to arbitrarily high order
large N agrees with Coleman, Wess, Zumino

large N iIs not a good approximation

e o o

e o o ©
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Other results I

®» JB,Carloni, arXiv:1008.3499
s massive case: nm, Fyy and Fg to 4-loop order
s large N for these cases also for massive O(N).

s done using bubble resummations or recursion
eqgation which can be solved analytically

®» 1B, Kampf, Lanz, in preparation
s Mass, F; to six loops
s Anomaly: v*3r (five) and 7%~v*~+* (six loops)
s large N not relevant in this case
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Conclusions Leading Logs I

# Several quantities in massive O(N) LL known to high
loop order

# Large N in massive O(N) model solved

°

Had hoped: recognize the series also for general N

# Limited essentially by CPU time and size of
Intermediate files

°

Some first studies on convergence etc.

°

nm, Fyy and Fg to four-loop order

# The technigue can be generalized to other
models/theories
s SU(N)x SU(N)/SU(N)
s One nucleon sector
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Conclusions I

Three new surroundings for ChPT:

# Hard Pion ChPT: a new application domain for EFT and
first results
s Many processes but limited domain
s power counting proof lacking so far, SCET?

# Leading Logarithms and large N: some progress in

getting results at high loop orders, but hoped for
patterns not seen (except large N calculated)

s Anybody recognize some funny functions?
s Method applicable to many more cases

# Two-loop results for the equal mass case for different
symmetry patterns. SU(N) x SU(N)/SU(N),
SU(2N)/SO(2N), SU(2N)/Sp(2N)
s If you insist, there are more slides coming for this

Johan Bijnens
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QCDIlike and/or technicolor theories I

A typical gaugegroup and Ny fermions:

® QCD or complex: ¢7 = (q1 ¢2... qn,)
s Global G = SU(Np)r, x SU(Np)g
qr. — 9rqr and gr — grqr
s Vacuum condensate %;; = (7,¢;) x dj;
s Conserved H = SU(Ng) g1 = gr Zij — Xij
s ¢ In complex prepresentation of gauge group
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QCDIlike and/or technicolor theories I

A typical gaugegroup and Ny fermions:
# Real (e.g. adjoint):

s gr; = Cqt isin the same gauge group
representation as ¢g;

s ¢ =(qr1 - q&Ny GR1 --- GRNy)

s Global G = SU(2Ng) and ¢ — gq
s Vacuum condensate (g,¢;) is really ((¢;)" Cg;) o Jgi

0 I
J p—

s Conserved symmetry part has ¢Jgg! = Jg
s H=SO(2Nyp)
» some Goldstone bosons have baryonnumber

Lund karnfysikermote 10/11/2011
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QCDIlike and/or technicolor theories I

A typical gaugegroup and Ny fermions:
#® Pseudoreal (e.g. two-colours):
S (pui = eaﬁ(Jg%m IS INn the same gauge group

representation aS qRqi

s ¢ =(qr1 - q&Ny GR1 -+ GRNy)

s Global G = SU(2Ng) and ¢ — gq
e Vacuum condensate (g,g;) Is really

. ) 0 —I
€ap((Gaj)’ Clgi) o< Jaij Ja = ( I 0 )

s Conserved symmetry part has gJ 9" = Jy4
s H= Sp(QNF)
» some Goldstone bosons have baryonnumber
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L agrangians I

In arxiv:0910.5424 we showed that there Is a very similar way
of phrasing the two theories using v = exp (\/%ngaX“)

But the matrices X¢ are:

o Complexor SU(N) x SU(N)/SU(N): all SU(N)
generators

® Realor SU(2N)/SO(2N): SU(2N) generator with
X% Jg = JgX

# Pseudoreal or SU(2N)/Sp(2N): SU(2N) generator with
X0y = Jy X

# Note that the latter are not the usual ways of
parametrizing SO(2N) and Sp(2N) matrices
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Divergences etc I

Calculating for equal mass case goes through using:

QCD:  (X"AX“B) = (A) (B) - 5~ (AB)
(X7A) (X*B) = (AB) = 5~ (4) (B) .
Adjoint :  (X®AX°B) = % (A) (B) + % <AJSBTJS> - %F (AB)
(X©A) (X°B) = 5 (AB) + 5 (AJsB" Js) = 5 (4) ()
2 —colour:  (X®AX®B) = % (A) (B) + % <AJABTJA> - ﬁ (AB)
(XPA) (X“B) = S (AB) = 2 (AJAB"Ja) = o (4) (B)

So can do the calculations for all cases
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Vacuum expectation value I

All cases: (Gq)Lo = > i—1 n, (Tridri + driqri)Lo = —NpBoF”

M? = 2By and A(M?) = — 2L log 1
(qq) = (7¢)ro + (@a)Nro + (q@)NNLO -

B ~ A M2 M2
(dg)no = (@910 <CLV (FQ ) + by ﬁ)
A(M?)?2  M?A(M?) ey M*
— — — d — .
(qg)NNLO (@q)ro <CV jan + 4 ( v T 1672 )+ 4 ( 167r )
@ ® © Q
(a) (b) (c) (d)

Diagrams:
0 ¢
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Vacuum expectation value I

QCD
ay n—%
by 16nL5 + 8LL + 4HY
cv S(-1+ %)
dy —24 (n? —1) (La + =Lp) La=LYy—2L}
ey 1- =% Lp = L. —2L}
fv 48 (K35 + nK3s +n’Kiy)
gv 8(n?—1) (La+ +Lp)
Adjoint 2-colour
v s s
by 32nL% + 8LL + 4HJ 32nL% + 8LL + 4HJ
ey S(-14 & — 2 +2n) S(-14 & +2-2n)
dy | —=12(2n? +n—1) (2La+ +Lg) | —12(2n? —n—1) (2La + = Lp)
ey (- & +2-2n) L(1- & - 2 +2n)
fv TV A Ty
gv | 4(2n?+n—1) (2Ls + =Lp) 4(2n? —n—1) (2Ls + = Lp)
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Q0P — QP I

& 7 scattering

s Amplitude in terms of A(s,t, u)
My (s, t,u) = 8%°6°C A(s, t,u) + 696 A(t, u, s) + 6996°¢ A(u, s, t) .

s Three intermediate states I = 0,1, 2
#® Our three cases
s Two amplitudes needed B(s,t,u) and C(s,t, u)
M(s,t,u) = [(Xaxbxcxd> + (X“XdXCXb>] B(s, t,u)
+[(xexexixt) + (x* X XIX)| B(t,u, )
+ [(X“XdeXC> + (X“XCXbXd>] B(u, s, t)

+59°5°4C (s, t,u) + 69¢6°4C (¢, u, s) + §246°°C (u, s, t) .

B(s,t,u) = B(u,t,s) C(s,t,u) =C(s,u,t).
s 7/, 6 and 6 possible intermediate states

Lund karnfysikermote 10/11/2011

Chiral Perturbation Theory in New Surroundings Johan Bijnens p.73/79




Q0P — QP I

calculate all the diagrams

o o

Do all integrals, renormalize,. ..

# Construct states for all the presentations and their
projection operators

°

Get the amplitudes for all intermediate states

°

Get all scattering lengths

# All formulas similar length to 77 cases but there are so
many of them

# arXiv:1102.0172:
s Very long appendix part

s References for the Young diagrams, tensor algebra
we did ourselves but probably exists (e.g. Cvitanovic
group theory book)

Lund karnfysikermote 10/11/2011 Chiral Perturbation Theory in New Surroundings p.74/79




Q0P — QP

Some curious large Ny = n relations

Leading in n:
I _ I T _ xr2 n
a0|complex — a0|rea1 — ao‘pseudoreal —LO ? g )
S _ S _ A _ L2 n
ag |complex — ag ‘real — Qg ‘pseudoreal —LO — 7>
m 16
A A S L2 n
a 1 - a 1 —a d 1 —LO — &
1 |comp ex 1 |rea 1 |pseu orea T )
Subleading:
SS _ FS|  _ o MS o m2 1
ag |complex — Qg |rea1 = 2a |pseudorea1 —LO — )
m 16
AA _ MS|,  _ FA _ o z2 1
agp |complex — 2a0 |rea1 = Qg ‘pseudoreal —LO — /.-
w 16
Subsubleading:
SA _ AS _ MA _ MA _
aq |complex - a ‘complex = 2a3 ‘real = 2a3 ‘pseudoreal =ro0 0.

At NNLO here violated by an L), Lg term
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Other results: fully to NNLO I

2
A4bhys
F

phys
Meson-meson scattering

e o o o

Equal mass case: allows to get fully analytical result
just as for 2-flavour ChPT

°

Note: large Nr here not cactus but planar diagrams (in
flavour lines)
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QCDIlike: conclusions I

# Different symmetry patterns can appear for different
gaugegroups and fermion representations

°

Nonperturbative: lattice needs extrapolation formulae

°

Masses, decay constant and VEV: done to NNLO

# Meson-meson scattering: done to NNLO and some
large Ny relations at NNLO.

# Two-pointfunctions and formfactors (S-parameter) for
precision observables
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Conclusions I

Three new surroundings for ChPT:

o Hard Pion ChPT: a new application domain for EFT and
first results
s Many processes but limited domain
s power counting proof lacking so far, SCET?

# leading Logarithms and large N: some progress in

getting results at high loop orders, but hoped for
patterns not seen (except large N calculated)

s Anybody recognize some funny functions?
s Method applicable to many more cases
o Two-loop results for the equal mass case for different

symmetry patterns. SU(N) x SU(N)/SU(N),
SU(2N)/SO(2N), SU(2N)/Sp(2N)
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