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1. Introduction

Perturbative calculations in effective field theory require two main
ingredients

1. Knowledge of the most general effective Lagrangian

(a) Mesonic ChPT [SU(3)xSU(3)] ! (m, K,n)
\ 22, + 10+2 + 90+4+23 +
O(q?) O(q*) O(q°)
— ¢g: Small quantity such as a pion mass

— Even powers

— Two-loop level
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J. Bijnens, G. Colangelo, G. Ecker, JHEP 02, 020 (1999);

T. Ebertshauser, H. W. Fearing, S. S., Phys. Rev. D 65, 054033 (2002);
J. Bijnens, L. Girlanda, P. Talavera, Eur. Phys. J. C 23, 539 (2002)



(b) Baryonic ChPT [SU(2)xSU(2)xU(1)] ? (w, N)

2+ 7+ 2 + U8 +
O(a) 0(q? 0O 0O(qh

— Odd and even powers (spin)

— One-loop level

2J. Gasser, M. E. Sainio, A. Svarc, Nucl. Phys. B307, 779 (1988);

V. Bernard, N. Kaiser, U.-G. MeiBner, Int. J. Mod. Phys. E 4, 193 (1995);
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2. Consistent expansion scheme for observables

(a) Tree-level diagrams, loop diagrams ~~ ultraviolet divergences,
regularization (of infinities)

(b) Renormalization condition
(c) Power counting scheme for renormalized diagrams
(d) Remove regularization
Commonly used methods
(a) Expansion in powers of coupling constants (e. g., QED)
(b) Loop expansion (expansion in h)

(c) ChPT: Momentum and quark mass expansion



2. Renormalization and power counting

e Most general Lagrangian
Lo =Ln+ LN = £7(1-2) + £$r4) + .. (1) N+ ﬁ(z)

Basic Lagrangian

1 1 _
gr])\f =¥ (z'yua“ ) — ET\I”)’H’Y5TG8“7TG\I’ + ..

m, g4, and F denote the chiral limit of the physical nucleon
mass, the axial-vector coupling constant, and the pion-decay
constant, respectively



e Power counting: Associate chiral order D with a diagram

— Square of the lowest-order pion mass:
M? = B(my + mg) ~ O(g?)

— Nucleon mass in the chiral limit m ~ O(q°)

— Loop integration in n dimensions ~ O(q")

— Vertex from £2F) ~ 0(¢%¥)
_ (k) k
Vertex from L5 ~ O(q")

— Nucleon propagator ~ O(qg~1)

— Pion propagator ~ O(q™?)



e Renormalization

— Regularize (typically dimensional regularization)
d"k 7
(2m)" k2 — M2 4 30T

M R+1 M
1672 Y2

EI _ % — [In(47) +T'(1)] -1 —

Scale u: 't Hooft parameter (integral has the same dimension
for arbitrary n)

I(Mza Hza n) = /1'4_n

+ O(TL o 4)7

where

— Adjust counterterms such that they absorb all the diver-
gences occurring in the calculation of loop diagrams

— Renormalization prescription: Adjust finite pieces such that
renormalized diagrams satisfy a given power counting



e Example: Contribution to nucleon mass

k

/’I ‘\

Goal: D=n-1-2:-1-1:-142-1=n-1



. 394240

Y= |+ m)IN M?*(g + m)IN(—p,0) + - -
0
Apply MS renormalization scheme
39?47“ 2 T
2p = _4F2 M (# —I_m)\‘[Nﬂ'(_p?O)J_l_"'
r _ 1 v_|_ ...
i 1672 i
= 0(q%)

GSS 3: It turns out that loops have a much more complicated low-
energy structure if baryons are included. Because the nucleon mass
m does not vanish in the chiral limit, the mass scale m (nucleon

mass in the chiral limit) occurs in the effective Lagrangian ESJ)V
This complicates life a lot.

3J. Gasser, M. E. Sainio, A. Svarc, Nucl. Phys. B307, 779 (1988)



Solutions
e Heavy-baryon chiral perturbation theory 4
e Infrared regularization (IR) °

Special treatment of (the Feynman parameterization of) one-
loop integrals

1 1 dx
ab /0 laz + b(1 — z)]2

a=(k—p)?—m?+i0T, b=k*— M?+i0"

1 o0 o0
H:/dw---:/ dac---—/ dz---=T+R
0 0 1

“E. Jenkins and A. V. Manohar, Phys. Lett. B 255, 558 (1991);
V. Bernard, N. Kaiser, J. Kambor, U.-G. MeiBner, Nucl. Phys. B388, 315 (1992)

°T. Becher and H. Leutwyler, Eur. Phys. J. C 9, 643 (1999)




— I: power counting o.k.

— R: violates power counting; regular, i.e., can be absorbed in
counterterms

e Extended on-mass-shell (EOMS) scheme °

Main idea: Perform additional subtractions such that renorma-
lized diagrams satisfy the power counting

Motivation for this approach '

Terms violating the power counting are analytic in small quan-
tities (and can thus be absorbed in a renormalization of coun-

terterms)

T. Fuchs, J. Gegelia, G. Japaridze, S. S., Phys. Rev. D 68, 056005 (2003)
’J. Gegelia and G. Japaridze, Phys. Rev. D 60, 114038 (1999)



— Example (chiral limit)

d"k 1

2 2, _
H@Sm5m) = [ amyaite = p)2 = m? + 0] + 0]

Small quantity

2 2
p° —m
A = = O(q)

2
m
We want the renormalized integral to be of order

Result of integration °
H ~ F(n,A) + A" 3G(n, A)

F and G are hypergeometric functions; analytic in A for arbitrary
n

8J. Gegelia, G. Japaridze, K. S. Turashvili, Theor. Math. Phys. 101, 1313 (1994)



F' corresponds to first expanding the integrand in small quanti-
ties and then performing the integration

= Algorithm: Expand integrand in small quantities and subtract

those (integrated) terms whose order is smaller than suggested
by the power counting

Here:
Hsubtr d"k T
(2m)" (k2 — 2k - p +30T) (k2 +30F) | 2,0
= —2) O(n—14
+ 1672 + (n )
where

- om0 1 1 ,
A= (am)? {n_4—§[ln(4ﬂ')—|—I‘ (1)+1}}

HR — H _ HSllth‘ — O(qn—?))



e Reformulation of IR in terms of EOMS °
— Formal equivalence shown at one-loop level
— Heavy degrees of freedom 1°

— Higher-order loops 1!

°M. R. Schindler, J. Gegelia, S. S., Phys. Lett. B 586, 258 (2004)
107, Fuchs, M. R. Schindler, J. Gegelia, S. S., Phys. Lett. B 575, 11 (2003)
1IM. R. Schindler, J. Gegelia, S. S., Nucl. Phys. B 682, 367 (2004)



Chiral versus loop expansion

WA wIN: EOMS, IR
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3. Nucleon form factors

Electromagnetic form factors

€ €

N(p) N(p')

j iz
Electromagnetic current operator

TH(2) = > Ay u(e) — 3 dyyd(@) + - = 4(@) Qa(a) + -+



Definition of Dirac and Pauli form factors

olYq,
(NG)ITHOINE) = a(w') | 7Y(@3) p 4% 1 1V (@) [ utp

N =p,n, q*=p"—pt Q%= —¢°

F{(0) =1, F*(0) =0, F;(0) = 1.793, F}'(0) = —1.913.

Sachs form factors
Q2

2
4mN

GF(@Q%) = F{¥(Q) — 5 F (Q")

G(@%) = FY(Q%) + 1Y (Q%)



Diagrams at O(q%)

(7

©)

12)



Diagrams potentially violating power counting: (5), (8), and (10).

EOMS subtractions

e Dirac form factor

2

10 gam
AF = PR (3c7 — 2cqT3) t,

e Pauli form factor

gimN(m — 4c1 M?)

5
aly’ = 3272 F2 S
ARS8 — gimN(m — 401M2)
2 82 F2 3
2 2 2
mn(m* — 8ci1M“m
AF210 — _& N ( ! ) (3c7 — 2cgT3) -

1672 F2



Parameters

c2 Cq Ce Cr dg dy es4 | erq
EOMS | 2.66 2.45 | 1.26 | —0.13 | —0.57 | —0.44 | 0.27 | 1.71
IR 2.66 [ 2.45 047 | —1.87| 0.32 | —0.89 1| 0.33 | 1.65

The LECs ¢; are given in units of GeV 1, the d; in units of GeV 2,
and the e; in units of Gev 3,

co and c4 from 7N scattering;

cg and c7 from anomalous magnetic moments;

dg, d7, esq, and ery from charge and magnetic radii: 12
r¥, = 0.848 fm,

rh; = 0.857 fm,

r% = —0.113 fm,

r. = 0.879 fm.

12H. w. Hammer and U.-G. MeiBner, Eur. Phys. J. A 20, 469 (2004).



Dirac form factor of the proton at O(q?) 13
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Solid line: EOMS; dashed line: infrared regularization; dotted li-
ne: EOMS without loop contribution; dashed-dotted line: infrared-
regularization result without loop contribution.

137, Fuchs, J. Gegelia, S. S., J. Phys. G 30, 1407 (2004)



Sachs form

factors 14
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14B. Kubis and U.-G. MeiBner, Nucl. Phys. A679, 698 (2001); T. Fuchs, J. Ge-
gelia, S. S., J. Phys. G 30, 1407 (2004); M. R. Schindler, J. Gegelia, S. S.,
Eur. Phys. J. A 26, 1 (2005); data taken from J. Friedrich and Th. Walcher,
Eur. Phys. J. A 17, 607 (2003)



Vector meson dominance model — Important contributions to the
electromagnetic form factors 15

In standard ChPT: Vector meson contributions in low-energy con-
stants

2
1 1 2 .
———_ |1 O(q°
2— M2 M2 +M2+(M2> +0o(d)

Inclusion of vector mesons = re-summation of higher-order contri-
butions

Reformulated IR regularization and EOMS scheme allow for
consistent inclusion of vector mesons

15B. Kubis and U.-G. MeiBner, Nucl. Phys. A679, 698 (2001)




Inclusion of p, w, and ¢ mesons 1°

Vector representation 17

L3 — T £1) — fuwt £i8) — Fod™ 15 + .

0) 1 _

LNy = 2 > gy IHV,T,
V:pawa¢

v 1 S GyUetV,,w

NV = 4 \Z4 pv x -
V=p,w,p

M. R. Schindler, J. Gegelia, S. S., Eur. Phys. J. A 26, 1 (2005)

17G. Ecker, J. Gasser, H. Leutwyler, A. Pich, E. de Rafael, Phys. Lett. B 223,
425 (1989)



Values of the vector-meson coupling constants 18

.fp Juw dp Jw do¢ Gp Gw Gqﬁ
[GeV1] | [GeV1] | [GeV1]
0.10 | 0.03 | 0.05 | 4.0 | 42.8 | —20.6 13.0 0.96 —3.3

= Modified couplings dg, d7, e5 and ey

Additional rules:

e VVector meson propagator ~ (’)(qO)

dg dr es54 er4
EOMS | 1.21 | 1.30| —0.76 | 1.65
IR 0.98 | 0.24  —0.26 | —0.90

e Vertex from L%f) ~ O(q)

184, w. Hammer and U.-G. MeiBner, Eur. Phys. J. A 20, 469 (2004).




Feynman diagrams involving vector mesons contributing to the
electromagnetic form factors up to and including O(q?)
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form
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19M. R. Schindler, J. Gegelia, and S. S., Eur. Phys. J. A 26, 1 (2005); data taken
from J. Friedrich and Th. Walcher, Eur. Phys. J. A 17, 607 (2003)
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19



AXxial and induced pseudoscalar form factors G4 and Gp

v, pt _
€
114 P artially
Conserved
A xial-vector
P n Current
P — AH hypothesis p n

(nl A~ (O)lp) = a(0') |75 Ga(@) |+ 5235 Gp(@?) || utw
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One-particle-irreducible diagrams contributing to the nucleon ma-
trix element of the isovector axial-vector current.



Diagrams contributing to the coupling of the isovector axial-vector
current to a pion up to O(q?).
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Diagrams contributing to the 7N vertex up to O(q?).



Result for GG 4 is of the form

1
GA(Q?) = ga—¢ ga{ry) Q2+4

(r%): axial mean-square radius (LEC)
H(Q?): loop contributions
H(0) = H'(0) = 0.

Full line: result in infrared renormali-
zation.

Again: No curvature!

Dashed line: Dipole, M4 =
GeV;

Dotted line: Dipole; M4 = 0.95 GeV;
Dashed-dotted line: Dipole My, =
1.20 GeV,

1.026

FZH(Qz)'

0.

1

0.2

0.
0% [GeV?]

3

0.




Inclusion of a1(1260) meson 2°

U,

Diagram containing axial-vector meson (double line) contributing
to the form factors G4 and Gp.

q2

_ 2
Mg,

AV M, 2
GA (q ) — _nga1q2

ngal ~ 8.70.

20M. R. Schindler, T. Fuchs, J. Gegelia, S. S, Phys. Rev. C 75, 025202 (2007)
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Gp at O(q%)

Full line: result with axial-vector
result wi-
thout axial-vector meson.

meson, dashed line:



Mass of the nucleon at O(g*) 21

M
my = m + kiM? + koM3 + ksM*In (—) + k4 M* + O(M?)
™m

ka = 5 8 4 gA2 k, =
= cCl1 — Cg — 4c3 — — — e

m = [938.3 — 74.8 + 15.3 + 4.7 + 1.6 — 2.3] MeV = 882.8 MeV

Am = 55.5 MeV I

Remark: m = mpy(mqy = 0, mg = 0, myg)

21T, Fuchs, J. Gegelia, S. S., Eur. Phys. J. A 19, 35 (2004)



Mass of the nucleon at O(g%) 22

Two-loop contributions
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M. R. Schindler, D. Djukanovic, J. Gegelia, S. S., Phys. Lett. B 649, 390
(2007); Nucl. Phys. A 803, 68 (2008)



mN

M
= m+ ki M? + ko M3 + ksM*1In — + k,M*

7]
M M M
+ksM?In— + kgM?® + ko M%In? — + kgMOYIn— + koMP°
. p p p )
two loop

0.02 0.06 0.1 0.14
M? [GeV?]

My =~ 360 MeV (convergence)

At physical pion mass: —4.8MeV = 31% of ko M3



5. Summary

e Baryonic ChPT: Renormalization condition « Consistent power
counting

e IR renormalization (manifestly Lorentz-invariant)
e Inclusion of heavy degrees of freedom/Two-loop calculation

e Applications: Nucleon form factors and chiral expansion of nucle-
on mass

e Present and future

— Electromagnetic processes: Real and virtual Compton scat-
tering, pion photo- and electroproduction, etc.

— (Selected) Two-loop calculations
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o term 23

Definition of the so-called sigma commutator

o™ (z) = [Q%(x0), [Q%(z0), Hsp(2)]], a,b=1,2,3
where

Hep, = gMq = mg(uu + dd)

Measure of explicit symmetry breaking

= (plo" O)lp)
my

23T. Fuchs, J. Gegelia, S. Scherer, Eur. Phys. J. A 19, 35 (2004)



M
o = o1 M? + ooM3 + o03M*1n (—) + o4M*?* + O(M?)
m

o1 = —4cy
9g?4
o9 = —
647 F2
3 gi
o3 = 8¢c1 — co — 4cg — =
J 1671'2F2< 1= J m)
3 3g4 . c3
o4 = ci1(1 4+ 2 —— |+«
4 = gu2p? |gm T+ 284) — 5

o =45MeV = (74.8 — 22.9 — 9.4 — 2.0 + 4.5) MeV

Hellmann-Feynman theorem o.Kk.



