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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 (GraL + Grar)]
q=u,d,s

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

(@9) = (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 interaction vanishes at zero momentum

Power counting in momenta:

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

2\ (1/n2) ph —
[ty y (p?) (1/p*)p* =p

Partially Quenched ChPT at Two loops
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Two Loop: Lagrangians I

Lagrangian Structure:

2 flavour 3 flavour 3+3 PQChPT
p2 F,B 2 F(),B() 2 F(),B() 2
p* ' Rf 7+3 LT HT 10+2 LT HT 1142
pb ¢ B3+4  (CF 90+4 K] 11243

7

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

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

L' Kl — L', CT

Partially Quenched ChPT at Two loops
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|ntegrals, Diver gences, Subtractions I

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

Very useful for checks on calculations

°

one-loop: Passarino-Veltman, but need d — 4 part.
# 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 parameter numerical integrals with
possible singularities: (very) slow.

o Subtraction: modified modified minimal subtraction
(tadpoles are just a logarithm at NLO)
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Usual ChPT two-loop: A list

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

Two-Loop Two-Flavour
® Bellucci-Gasser-Sainio: vy — 797Y: 1994
N Blrgi: vy — nta—, Fr, m,. 1996
® IB-Colangelo-Ecker-Gasser-Sainio: m, Fir, my: 1996-97
® IB-Colangelo-Talavera: Fy . (t), Fs,: 1998
® IB-Talavera: m — fv~: 1997
® Gasser-lvanov-Sainio: vy — 7%7°, vy — 7t 7 —: 2005-2006

Two-Loops Three flavours

® 10y, Hyyy, Dyvvk Kambor, Golowich; Kambor, Durr; Amorés, JB, Talavera
O Iyy,, Maltman
O Tsar Uaay, Fr, Fyy, mz, my Kambor, Golowich; Amorés, JB, Talavera
®» Il Moussallam | L7, L7
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Usual ChPT two-loop: A list

® IIyyg, Haak, Fx, mi Amoros, JB, Talavera
® Ky, (q9) Amoroés, JB, Talavera| LY, LT, LY
O Fy,mar, (@) (my # myg) Amoros, JB, Talavera L% 7 g5 My /My
® Py, Fyrt, Fygo Post, Schilcher; JB, Talavera | L]
® K, Post, Schilcher; JB, Talavera | Vs
® [Fq., Fgy (includes o-terms) JB, Dhonte | LY, L7,
® K- lvy Geng, Ho, Wu | LT,
® JB,Dhonte, Talavera
® 1K JB,Dhonte, Talavera
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What 1s Partially Quenched? I

In Lattice gauge theory one calculates

(0|(Tysd) () (dysu)(0)])

i | d*uLl

) -
[diaiacre [ atutacn

for Euclidean separations «
Integrals also performed after rotation to Euclidean
(note that | use Minkowski notation throughout)
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What 1s Partially Quenched? I

) / d4y£QCD

X

/ dq)[d)[dG) (7y5d) () (@51) (0) ¢

/ [dG)e! S Fe=YHCE™ (pu) =L 0)(PE)7H0,2) det (D) gep




What 1s Partially Quenched? I

i | d*yL
/ [dqnda][dG](md><x>@%u><0>e/ R

/ [dG)e! S Fe=YHCE™ (pu) =L 0)(PE)7H0,2) det (D) gep

/[dG] done via importance sampling




What 1s Partially Quenched? I

i | d*yL
/ [dqnda][dG](md><x>@%u><0>e/ R

/ [dG)e! S Fe=YHCE™ (pu) =L 0)(PE)7H0,2) det (D) gep

/[dG] done via importance sampling

® Quenched: get distribution from ¢i/ d'z(=1/9)GG" gnly
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What 1s Partially Quenched? I

i | d*yL
/ [dqnda][dG](md><x>@%u><0>e/ R

/ [dG)e! S Fe=YHCE™ (pu) =L 0)(PE)7H0,2) det (D) gep

/[dG] done via importance sampling

® Quenched: get distribution from ¢i/ d'z(=1/9)GG" gnly
# Unquenched: include det (LDG)QCD VERY expensive
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What 1s Partially Quenched? I

i | d*yL
/ [dqnda][dG](md><x>@%u><0>e/ R

/ [dG)e! S Fe=YHCE™ (pu) =L 0)(PE)7H0,2) det (D) gep

/[dG] done via importance sampling

® Quenched: get distribution from ¢i/ d'z(=1/9)GG" gnly
# Unquenched: include det (LDG)QCD VERY expensive

» Partially quenched: (%) (x,0)(p%)~ (0, x)
DIFFERENT Quarks then in det (D¢)qep

tially Quenched ChP
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What 1s Partially Quenched? I

Why do this?

# s not Quenched: Real QCD is continuous limit from
Partially Quenched
# More handles to turn:

» Allows more systematic studies by varying
parameters

» Sometimes allows to disentangle things from
different observables

® det (Dg)qep: Sea quarks
® (D) Hx,0)(PL)~1(0,2): Valence Quarks
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What 1s Partially Quenched? I

Why not do this?

It is not QCD as soon as Valence+#£Sea
not a Quantum Field Theory

No unitarity

No clusterdecomposition

No CPT theorem

No spin statistics theorem

© o o o o @
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What 1s Partially Quenched? I

Do anyway

# Cheap computationally

# Allows extra studies

# Hope it works near real QCD case

o |s a well defined Euclidean statistical model

Chiral Dynamics, 18-22/9/2006
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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)
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PQCHhPT at Two Loops. Gener al 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
— O Is heavy: remove from PQChPT

Symmetry group becomes SU (n, + ng|ny,) x SU(ny + ngny)
(approximately)
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PQCHhPT at Two Loops. Gener al 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.

Eg L?1° _ LS(SPQ)/Z i L"{(SPQ)

p.16/32
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PQCHhPT at Two L oop 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

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

m72T+: JB,Danielsson,Lahde, hep-lat/0602003
Neutral masses: JB,Danielsson, hep-lat/0606017

([ heavy use of FORM Vermaseren

[1 use PQ without super &g in super-
Actual Calculations: < symmetric formalism

[] Main problem: sheer size of the ex-

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

p.17/32

Johan Bijnens
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L ong Expressions

¢
o 7
q

Chiral Dynamics, 18-22/9/2006 Partially Quenched ChPT at Two loops Johan Bijnens p.18/32




L ong Expressions

"1((.)033 = mie Ly [4/9xnxa — 1/2x1x3 + XT3 — 13/3X1x13 — 35/18 o] — 216 LT X35

— 6 L [11/3Xyx4 + XT3 + 13/3X2] + 716 Ly [4/9x0xa — T/12Xaxs + 11/6 X35 — 17/6 Xaxas ,,1-;/%)(2}
+ mis [—15/64xyxa — 59/384 x1xs + 65/384 XT3 — 1/2X1x13 — 43/128 2] — 48 LLLL Xaixas — T2 L X7
— 8L x1s + Alxp) ™6 [—1/24 X, +1/48 %1 — 1/8x1 R, + 1/16 Y1 R, — 1/48 R? x;, — 1/16 RY, X,
1/48 R, xn +1/16 RS x13] + A(xp) Lo [8/3 R, xp +2/3 R Xy +2/3 RE] + A(xp) Ly [2/3 RE, X
5/3 Ry xp +5/3Ry] + Alxp) Ly [-2X1X0m0 — 230 RY, +3x1 By + AQx) Ly [=2/3X00, — Rb, xp
1/3 R, xq +1/2 Ry xp — 1/6 R xg] + + A(xp)? [1/16+1/72 (R ,,,,) —1/72 R, Ry +1/288 (1?;,)2]
A(xp)A(xps) [-1/36 RE, —5/T2 RY, +7/144 Rg] — A(xp)A(xgs) [1/36 RE, +1/24 R, +1/48 Ry
(x,r) A(xy) [=1/72RE, Ryys + 1/144 RyRy 5] + 1/8 A(x,) A(as) + 1/12 A(x,) A(xas) Ry,
A(xp) (x Xpi0) [1/4x, — 1/18 R, Re x,, — 1/72 RE, RE + 1/18 (RS)* X, + 1/144 RS RY)
A()B(xps X 0) [1/18 R, Ry xp — 1/18 R Ry x| + A(xp) B(Xay Xg30) [-1/T2 R, Ry + 1/144 RyRY)]
1/12 A(xp) B(Xpss Xpsi 0) REy Xps — 1/18 A(xp) B(x1, X33 0) R, Ry xp
1/18 A(xp)C (Xp» Xp» X3 0) RERS Xy + A(xpi€) 6 [1/8 XaR, — 1/16x1 R, — 1/16 RS X, — 1/16 Ryl]
(xm)m [1/16 Xps = 3/16 Xgs = 3/16 X1] — 2 A(Xps) LG Xps — 5 A(Xps) L5 Xps — 3 Alxps) L X1
A(xps) Ly x13 + A(xps)A(xy) [7/144 R}, — 5/72 R}, — 1/48 R}l +5/T2 R}l — 1/36 Ry
A(xps) B(xps xp30) [1/24 RE, X — 5/24 RE, Xps] + A(Xps) B(Xpy X3 0) [~1/18 R RE, X
1/9 RYRiy Xps] — 1/48 Alxps) Bxgs Xa: 0) Ry + 1/18 Axps) B(x1, x3:0) R, X
1/9 A(xps) B(x1, X3 0,k) R, + 3/16 A(xps;€) T [Xs + X1] — 1/8 A(xpa)® — 1/8 A(xpa) A(Xp6)
1/8 A(xpa) Alxas) — 1/32 Alxpo)* + Alxn) mis [1/16 X1 Ry — 1/48 Ry Xy +1/16 Ry xas)
Axn) Ly [4R15 X0 +2/3 Ry xn] — 8 AQxy) LT Xy — 2A0xy) L X + Alxy) Ly [4RT5 Xy +5/3 Rz
A(xn) L [4xn + X1 Rins] — A(xn) Ly [1/6 R, xq + Ris xa3 +1/6 Ry x| + 1/288 A(x,)* (Ry3)°
1/12 A(x)A(xa6) Riys + Axy) B(xp Xpi 0) [~1/36 Xomi = 1/18 RY, R}, + 1/18 R} Ry X,
1/144 RyRps] + A(xg) B(Xps X3 0) [—1/18x;’;i’+1/18 Xoni + 1/18 (R}, Ry X)
— 1/12 A0x) B(xpss Xps:0) By Xps — A(xn) B xn:0) [1/216 Ry x4 + 1/27 RYy5x6)
— 1/18 A(x»)B(x1. x3:0) R””R,mx” + 1/18 A(xy)C (Xps Xp» Xpi 0) R;{I,R;fx,, + /i(x,'v)'rw [1/8 Xy
— 1/16 X1 Ry — 1/8 Ry xy — 1/16 Ry5x,] + A(x1)A(xs) [-1/72 RY, Ry +1/36 R}, RY, +1/144 R{ Rs)
— 4A(x13) L xis — 10 A(xas) Ly xas + 1/8 A(xas)® — 1/2 A(x13) B(x1, x3; 0, k)
+ 1/4 A(xaz5¢) mie xas + 1/4 A(xaa) A(xaa) + 1/16 A(x16)A(xas) — 24 A(xa) L7 xa — 6 A(x4) L x4
+ 12A(x) Ly xa + 1/12 A(xa) B(xps xy'U)(HS’”)’m + 1/6 A(xa) B(xp X3 0) [RY, Rpy xa — R, Rily xa)
— 1/24 A(xa) B(xns X3 0) Ry xa = 1/6 A(xa) B(x1, x3:0) R, RS, xa + 3/8 A(xa;€) mi6 xa
— 32 A(xa6) LY xa6 — 8 A(xa6) Lh xa6 + 16 A(m)L; Xas + A(xa6)B(xps Xpi 0) [1/9xa6 + 1/12 R}, xp

+ 1/36 R, x4 + /JRHM] + Azl(x,ib)B(x,,.x 0) [*l/lSRm,m l/JRbeJrl/QF[(beJr 1/1 Sme]
— 1/6 A(x16) B(xp X0; 0, k) [Rj}, — R3] + 1/9 A(xa6) B(xy X3 0) Riyys Xa6 — Alxa6)B(x1, X35 0) [2/9 xa6
1/9 Ry x6 + 1/18 Ry xa] — 1/6 A(xae) B(x1, x3; 0, k) Ry + 1/2 A(xa6:€) 716 Xa6
B(xps Xp3 0) 16 [1/16 X1 Ry +1/96 Ry xp + 1/32 Bt Xq] + 2/3 B(xp» X3 0) Ly R xp
5/3 B(Xps Xp3 0) L RS Xp + B(xpr X3 0) Ly [=2 XaX200Xp — 4 X1 R, Xp + 4 X1 RS Xp + 3 X1 Ryl
B(Xp Xp3 0) LE [—2/3X70 X — 4/3 R X2+ 4/3 RS XE + 1/2 Rl xp — 1/6 Ry )
B(xps Xpi O)L,) [4X1X28, + 8 X1 RY, Xp — 8 X1 RS Xp) + 4 B(xpy X3 0) L (RY)?
B(Xpr Xp3 0) Ly [4/3X005 +8/3 RE, X3 — 8/3 R 3] + B(Xp: Xp; 0)* [~1/18 RE, RS x;, + 1/18 RyRi X,
1/288 Rﬂ)ﬂ + 1/18 B(xp» Xpi 0)B(xp> X3 0) [Ryl, R xp — RT3 Ry

plus several more pages

+ o+ o+ o+ o+

an’tq

‘qq 'gs

+ o+ o+ o+

ll

+ o+ + + + o+

ln

T T S S e o

¢
=
.
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Why so long expressions I

o Many different quark and meson masses (y;;)

# Charged propagators: —z’ng(k) = kz_;jﬂg (1 # 7)

» Neutral propagators: G7;(k) = G§;(k) 0ij — = G, (k)

nsea
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Why so long expressions I

o Many different quark and meson masses (y;;)

# Charged propagators: —z’ng(k) = 2 L (i # )

_Xij+@5
- _ . q
» Neutral propagators: G7;(k) = G{;(k) dij — n Gy (k)
Y q - R? Rc RZ;” RZ%
—t Gzz(k)  (k2—xitie)? T = —Xi+ie T = —Xnt1e pay = —Xn+ie
(A oY Rd __ Pz
ikl — Y456k i — Y456
( (
R R47T?7 + R57T?7 + R67ﬂ7 o Rﬁnn Rmm
z _ 2 Xa—Xb z _— (Xa=x8)(Xa—Xe)
ab — Xa = Xbs abc T Ya—Xc’ abed — Xa—Xd

2 _ (Xa—x0)(Xa—Xc)(Xa—Xa)
abedefg — (Xa—Xe)(Xa—Xs)(Xa—Xg)

p.19/32
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Why so long expressions I

o Many different quark and meson masses (y;;)

# Charged propagators: —z’ng(k) = 2 L (i # )

_Xij+@5
- _ . q
» Neutral propagators: G7;(k) = G{;(k) dij — n Gy (k)
Y q - R? Rc RZ;” RZ%
—t Gzz(k)  (k2—xitie)? T = —Xi+ie T = —Xnt1e pay = —Xn+ie
(A oY Rd __ Pz
ikl — Y456k i — Y456
( (
R R47T?7 + R57T?7 + R67ﬂ7 o Rﬁnn Rmm
z _ 2 Xa—Xb z _— (Xa=x8)(Xa—Xe)
ab — Xa = Xbs abc T Ya—Xc’ abed — Xa—Xd

2 _ (Xa—x0)(Xa—Xc)(Xa—Xa)
abedefg — (Xa—Xe)(Xa—Xs)(Xa—Xg)

# Relations — order of magnitude smaller

Johan Bijnens p.19/32
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Double poles ? I

Think quark lines and add gluons everywhere

- OO0000
e OO

So no resummation at the quark level:

naively a double pole

Same follows from inverting the lowest order kinetic terms

Chiral Dynamics, 18-22/9/2006
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Usual resummation from 1Pl I
i J +i kOl j+i kOlmOn j+

+ 0000

Gij = ng + ng(—i)zsz?j + G?k(—i)Zle?m(—z’)Zmnng 4.
=G'(1+ixGY)~!
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

Chiral Dynamics, 18-22/9/2006
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PQCHhPT at Two L oop I

Masses and decay constants: all possible mass cases
worked out for two and three flavours of sea quarks for the
charged/off-diagonal case to NNLO.
hep-lat/0406017,hep-lat/0501014,hep-lat/0506004,hep-lat/0602003 all
published in Phys. Rev. D

Earlier work at NLO:
Bernard-Golterman-Sharpe-Shoresh-- - -

review/lectures: S. Sharpe hep-lat/0607016

p.22/32
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Results: 1 = x2, X4 = X5 = X6

Use lowest order mass squared: v, = 2Bym; = mﬁ;())

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

/ 0.05 AF

0.5
1 0.45 1
0.8 0.4 0.8
0.6 0.6
04 0.35 0.4
0.2 0.2
0 Y 0.3 0
-0.2 & 0.25 -0.2
-0.4 S -0.4
06 - 02 0.6
0.15
\ 0.1 / \
0.10
0.05
/ 0.75
0 ] ]
0 005 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 05 0 005 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 05
X1 [GeVz] X1 [GeVZ]
. . . 2
Relative corrections: mass decay constant
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1.4

1.2

: nf=3
[ 4y =2
~ depsy =2

val

sea

. 9 =60°

X X X X X
o nn
=N wowo
EX=k=Xi k=)

= z = 0.25]
< <
\ z=0.5] _
z=1.0
z=1.1 ]
) _
z=3.0 1
~ =100 -
0.2 - _
x=1.0
0
R A W A W
0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 0.3 0.4 0.5
2 2
X1 [GeVT] X1 [GeV7]
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Neutral masses I

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

+ 0000

Gij = ng + ng(—i)zsz?j + G?k(—i)Zle?m(—z’)Zmnng 4.
17 Means: from q;q; 10 ¢;q; meson

Full resummation done by JB,Danielsson hep-lat/0606017
l.e. full propagator from one-particle-irreducible diagrams

Chiral Dynamics, 18-22/9/2006
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Neutral masses I

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

+ 0000

Gij = ng + ng(—i)zsz?j + G?k(—i)Zle?m(—z’)Zmnng 4.
17 Means: from q;q; 10 ¢;q; meson

Full resummation done by JB,Danielsson hep-lat/0606017
l.e. full propagator from one-particle-irreducible diagrams

Actually useful: residue of double pole allows to get at all
LECs needed for the neutral masses

Chiral Dynamics, 18-22/9/2006
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Neutral masses I

a 0 0 Q
=il opg o |=is| 3 (@T G @T).
0 0 —« Q

o = dlag (&1,...,04nval) ,6 — dla’g (/817“‘7ﬁnsea) )
&T — (a17“‘7anval) 76T — (617"'767%%) y

a; = 1/(p* —xi) 8 =1/ (p* — Xneuti) »
1

ijl,nsea 6]' -
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Neutral masses I

R+S T' —R
= 1T W —T
~-R -Tt' R-S
R, W Symmetric; S diagonal
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Neutral masses I

R+S T' —R
= 1T W —T
~-R -Tt' R-S
R, W Symmetric; S diagonal

GU(-i)Y=A+B+C+D,

aS 0 0 aR 0 —aR
A = 0 BW 0 B= 0 0 0
0 0 aS aR 0 —aR
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When not diagonal ? I

Define A=3", _, A"
a 0 0 — 0 0
A=10p3 0 |=] 0 = O
0 0 a 0 0 ;

Chiral Dynamics, 18-22/9/2006
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When not diagonal ? I

Define A=3",_ A"
a 0 0 1—1aS 0 0
A=fo B o= 0 L o
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When not diagonal ? I

Define A=3",_ A"
a 0 0 1—1aS 0 0
A=fo B o= 0 L o
0 0 « 0 0 1

1—aS

G =300 (GO(=0)%)" GO
> (—iG'%)'= > ((A+ACA)D)" (A+ ACA)

n:0,00 n:l)oo

+A+ ABA+ ACA+ ACACA

(A+ ACA)D)* = ((A+ ACA)D) (~65"WB3)




Neutral: Final I

r—+ S L r

(&T A &T).

)
|
~
~~
S
~~
|
~
>,
Qv Vv

)
14+ 88TW AL

All poles and double poles get shifted consistently
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Neutral: Final I

r—+ S L r

(aT A &T).

)
|
~
~~
S
~~
|
~
>,
Qv Vv

)
14+ 88TW AL

All poles and double poles get shifted consistently
BUT valence poles are either charged or sea-quark only

neutrals = neutrals more difficult (L% and 7)

Chiral Dynamics, 18-22/9/2006

Partially Quenched ChPT at Two loops p.29/32



The eta massfrom PQChPT I

Expand around the double pole term
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The eta massfrom PQChPT I

Expand around the double pole term

Ro(t) = <7T7fi,(t7ﬁ: 0>7”7($ —O Ryt — o0) = 22]\);., »

From D can get LI (sharpe-shoresh) and has been extended
iB,panielsson 10 NNLO as well that all LECs relevant for m% can
be had from D.

Chiral Dynamics, 18-22/9/2006 Partially Quenched ChPT at Two loops p.30/32




Numerics I

X4 = tan60°x1, AD = D/D(Q) 1

1 0.4
08 L 0.3
0.2
0.6
0.1 |
fa) a)
0
0.2 +
-0.1
0 02}
_0.2 1 1 1 1 1 _0.3 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
2 2
X1 [GeV7] Xy [GeV]

vary LL, other LECs=0, left ;, = 0.77 GeV, right 1 = 0.6 GeV

D® = (1/3) {x1 — xa}
D vanishes for xy; = yv4 humerically and analytically
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Conclusions I

PQChPT at two loops: basic calculations done

L

http://ww.thep.lu.se/~bijnens/chpt. htmn
for formulas

Numerical programs: ask me (or a collaborator)
D I1s a useful quantity

Wait for lattice fits

For formfactors: extend the vertex integrals

For formfactors: even bigger expressions

© o o o o ©

Twisted mass ChPT: no obvious obstacle towards
two-loop

°

Please use (and cite =) our work
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