Chiral effective Peld theory

for nuclear forces
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Part IV: Nuclear forces/currents from chiral EFT
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It IS crucial to choose a proper resolution !
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Example from electrostatics observer

The goal: compute electric potential generated
by a localized charge distribution p(7)

o(7) charge
R—7] distribution

e The ultimate answer: V(R) x /d3r

o "HPIRIMINHOOIHE () * &+, 1#-111 plWII $*1&**/*/0
1! 1 !

V(R) = %Jf R RiPi+ =25 ij BRiR; ! "jR)Q; + ...
12+31)4'+25#*)#)*&+ 16 7'#18*&*$9(!:#&,+.&+,;<0 !
q=! d*r!(t), Pi=! dcrit)r, Q =! i (H)@rir; " #r?)
Remember: multipole expansion just follows from:
L T ey = BTN ) v

R ] R _, R R _, R 2+1
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Example from electrostatics observer

The goal: compute electric potential generated
by a localized charge distribution p(7)

- charge
p(7) distribution

_q, 1 L ’
V(R) = R Re | Ri'z’i'*@ij (BRiR; ! "jR%)Qy + ...
a
12+31)4"+25#*1)H)* 8+, 16T H18*&*$O(1:#&, +.&+,:<0
= dri), Pz drie)n, Q= dri)Enn " #rd)

e Getting the right answer without making calculations (and even without knowing p(7))

- write down the most general rotationally invariant (symmetry!) expression for V(R)
|

2

- expected natural size of the LECs (dimensional analysis): q! a° P! a, Q; ! a%, ...

- measure LECs & compute V(R) via expansion in % (power counting, separation of scales)
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(virtual) pions

nucleons

Resolution ~ 1 fm
(momenta ~ 200 MeV)

only ! Os are resolvable
chiral EFT




Resolution ~ a few fm
(nucl. momenta << M ):

cannot resolve pions
I -less EFT
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1. Effective Lagrangian for pions

® QCD and chiral symmetry
Loco = &(iD'! M)q! iG,GH

m, = 1.8...2.8 MeV
mg = 4.3...52 MeV

Light quark masses (MS, p=2 GeV): QCD

—> (Goldston Bosons (pions)



1. Effective Lagrangian for pions

® QCD and chiral symmetry
Loco = &(iD'! M)q! iG,GH

(m_|Dq|_+m]R|DqRI (m_M qu @QM o]N

m, = 1.8...2.8 MeV
mg = 4.3...52 MeV

Light quark masses (MS, p=2 GeV): QCD

—> (Goldston Bosons (pions)

e Chiral perturbation theory

e |ldeal world [ my = mgq = 0 ], zero-energy limit: non-interacting massless GBs
(+ strongly interacting massive hadrons)

® Real world [ my, mg! ! ocp |, low energy: weakly interacting light GBs
(+ strongly interacting massive hadrons)
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(isotriplet): |! 4! = # 15! = # 131 = |10

(SU(2)L x SU(2)r ~ SO(4) —>» pion belds as coordinates on a 4-dimentional sphere)

Nonlinear Peld redebnitions of the kind do not change physics
—> —>» use most convenient one!
Haag O58; Coleman, Callan, Wess, Zumino O69



: . P i P+t s o
(isotriplet): |! 4! = # 15! = # 131 = |10

(SU(2)L x SU(2)r ~ SO(4) —>» pion belds as coordinates on a 4-dimentional sphere)

Nonlinear Peld redebnitions of the kind do not change physics

—> —>» Uuse most convenient one!
Haag O58; Coleman, Callan, Wess, Zumino O69

Example of an explicit construction:

InPnitesimal SO(4) rotatlon o ﬁp@)! i _ #1 L ¥ Wy 4 $ "AA-%! !
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Can be rewritten in terms of a 2 x 2 matrix:

1 o 1.9 T
:E(! 1o+ i1 &#) u=E F21 | 29, ,+ il &#

Chiral rotations: with L=exp[!l i("V! "*)a&#/2], R=exp[l i("V +"")a&#/ 2]
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Derivative expansion for the effective Lagrangian
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2 derivatives:
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4 derivatives:

(terms with can be eliminated via EOM/partial integration)
C



Can be rewritten in terms of a 2 x 2 matrix:
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:E(! 1o+ i1 &#) u=E F21 | 29, ,+ il &#

Chiral rotations: with L=exp[!l i("V! "*)a&#/2], R=exp[l i("V +"")a&#/ 2]

Derivative expansion for the effective Lagrangian

O derivatives: - irrelevant

2 derivatives:
—>

4 derivatives:
(terms with can be eliminated via EOM/partial integration)
C

Chiral symmetry breaking terms
lLocp = ! g M g ! &M g can be made ! -invariant by requiring: M " LM R
—> construct all possible ! -invariant terms involving M and freeze out M at the end

BF 2

LOterm: !'Lgg = >

TMM U + UM ]=2BF°my! Bmg?+ ... —




The leading and subleading effective Lagrangians for pi ons

F2
L@ = 2 BUAU +2B(MU+ MU )&
| | |
L® = Zl%uU#“U &+ ZZO,#HU##U &AM UHU &+ 1—360/2B|v| U+ U)&+ ..
|
I LogBM (U! U)& Gasser, Leutwyler 584
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Low-energy constants of L

e F is related to the pion decay constant F.: %|Jgu(0)|$j (P9&= ip,F- &
axial current from L®?:
—> F is F. inthe chiral limit: F- = F + O(my) ' 924 MeV
e B is related to the chiral quark condensate
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Low-energy constants of L

e F is related to the pion decay constant F.: %|Jgu(0)|$j (P9&= ip,F- &
axial current from L®?:
—> F is F. inthe chiral limit: F- = F + O(my) ' 924 MeV
e B is related to the chiral quark condensate

Tree-level multi-pion connected diagrams from L@
# al | 2 | 24 &l
U )= 1o+ ! L i# +0(1%) —
(1)= Loa+ 721 oyl L+ O(1 Y
<« < L N , e all diagrams scale as
N /7 N / N 4 . .
x it JaE I ek R e insertions from
RS RS 0 S suppressed by powers of



2. From effective Lagrangian to S-matrix

D$**8*A*'1/2.9%.),112+313293*$8#S/*$IA*$+2:*,1.$*1, 455%*, */1.+I'#11*  &*$9(B!
D3*1.$94)*&+1:. &IE*19*&*$. 2>*/1+#IF 4. &+A) :#$P* +2#&,16'##5, <! ] Weinberg O79



2. From effective Lagrangian to S-matrix

D$**8*A*'1/2.9%.),112+313293*$8#S/*$IA*$+2:*,1.$*1, 455%*, */1.+I'#11*  &*$9(B!

D3*1.$94)*&+!: . &IE*I9*&*$. 2>* [\ +#IF 4. &+4) :#FS* . +2#E& | 6'##5, <11 N1 Weinberg 079
D(52:."*1.)5*1#-1 '##512&+*9%$.'0 PSRN
I \
A i or  auq’ Ol [ ' )
= ! - - - - - - =
| @HAZT M2+is P @Bzl M2+ s o |:.<4-)
| " ! !
M 2 ) M 2
= Tem In 2 +2M2L(p) + ...
d#4- .
D3*!2&-2&2+*!F4.&+2@0!ﬂ.!!%6#21!!.LLUELLUJd.i...4!.l!!!éHHHI!!!!:.&!E*!.E,#$E*/!2&+#! |iJ,!#-!|L'_fﬂ!O " H(R)



2. From effective Lagrangian to S-matrix

D$**8*A*'1/2.9%.),112+313293*$8#S/*$IA*$+2:*,1.$*1, 455%*, */1.+I'#11*  &*$9(B!

D3*1.$94)*&+!: . &IE*I9*&*$. 2>* [\ +#IF 4. &+4) :#FS* . +2#E& | 6'##5, <11 N1 Weinberg 079
D(52:."*1.)5*1#-1 '##512&+*9%$.'0 PSRN
I \
A i or  auq’ Ol [ ' )
= ! - - - - - - =
| @HAZT M2+is P @Bzl M2+ s o |:.<4-)
| " ! !
M 2 ) M 2
= Tem In 2 +2M2L(p) + ...
d#4- .
D3*!2&-2&2+*!F4.&+2@0!ﬂ.!!%6#21!!.LLUELLUJd.i...4!.l!!!éHHHI!!!!:.&!E*!.E,#$E*/!2&+#! |iJ,!#-!|L'_fﬂ!O " H(R)

#Q



2. From effective Lagrangian to S-matrix

D$**8*A*'1/2.9%.),112+313293*$8#S/*$IA*$+2:*,1.$*1, 455%*, */1.+I'#11*  &*$9(B!

D3*1.$94)*&+!: . &IE*I9*&*$. 2>* [\ +#IF 4. &+4) :#FS* . +2#E& | 6'##5, <11 N1 Weinberg 079
D(52:."*1.)5*1#-1 '##512&+*9%$.'0 PSRN
I \
A i or  auq’ Ol [ ‘. )
= ! - - - = - = - =
| @HAZT M2+is P @Bzl M2+ s o |:.<4-)
| " ! !
M 2 ) M 2
= Tem In 2 +2M2L(p) + ...
d#4- .
D3*!2&-2&2+*!F4.&+2@0!ﬂ.!!%6#21!!.LLUELLUJd.i...4!.l!!!éHHHI!!!!:.&!E*!.E,#$E*/!2&+#! |iJ,!#-!|L'_fﬂ!O " H(R)

#Q

Power counting (Naive Dimensional Analysis)
(]
[ ]
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Examples: L RN "« Pt

lr =
IN_2\

Scattering amplitude is obtained via an expansion in Q/! ;. Iy
e Chiral expansion breaks down for —>

e An upper bound for I | from pion loops: ! | # 4#F. Manohar, Georgi 084

&94' $12&+*9%.+2#& 12 dimensional
@!/2)*&,2#&, arguments










RN
, N
’ N
AN N\
N , N ,
4 SN N _/ .
N , N\ </
Q O [} ? + U + . +
e RN /N
, - N , N PP
’ N ’ N ’ N
\ ’ \ =,
60 AN ,a\A/ AN ¢\\\,‘
N Y2 7
Q LN + L} LN + +
2NaA s N2 N coe
’ N ’ N

S-wave !l scattering length

LO: [Weinberg O66]
NLO: [Gasser, Leutwyler O83]
NNLO: [Bijnens et al. 095]

NNLO + disp. relations:  [Colangelo et al.]

from: Colangelo,
PoS KAON:038,08



Electric potential
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Electric potential
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Pions are Goldstone Bosons of the broken axial generators.

It provides perturbative (GBs!) expansion of the amplitude in powers of p ~ M
over" ~ Mg~ 1 GeV.
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Pions are Goldstone Bosons of the broken axial generators.

It provides perturbative (GBs!) expansion of the amplitude in powers of p ~ M
over" ~ Mg~ 1 GeV.

e L for GBs: Expansionin $, and M4, M S =2Bm 4+ O(m?); pions trans-
form nonlinearly under SU(2)L x SU(2)r [ccwz): U " LUR

Le= L@+ L® + .

F2 2
L& = TTr( $,USMU) + 7BTr( MU+MU)

e Use DR to calculate Feynman diagrams. Connected diagrams scale as q'

$:2+2L+. Vil i, .= d # 2

e At each order q', a bnite number of LECs contribute (exp., latice, models, E)



3. Inclusion of the nucleons

In the baryon sector, it is more convenient to work with u debned via U =: u?. Then:
+H

" H . 2
u" u'= RUL == RuK ' $ K=( RUL )R U

Notice: the transformation property of u can also be writtenas u ! u' = KuL

The so-called compensator beldK is a complicated SU(2)-valued function of ! L, I R, U (and
thus of space-time), K = K(L,R,U), except for isospin (i.e. vector) rotations with ! L =1 R=1V;

K(V,V,U)= V
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3. Inclusion of the nucleons

In the baryon sector, it is more convenient to work with u debned via U =: u?. Then:
+H

" H . 2
u" u'= RUL == RuK ' $ K=( RUL )R U

Notice: the transformation property of u can also be writtenas u ! u' = KuL

The so-called compensator beldK is a complicated SU(2)-valued function of ! L, I R, U (and
thus of space-time), K = K(L,R,U), except for isospin (i.e. vector) rotations with ! L =1 R=1V;

K(V,V,U)= V

Then, one debnesthe transformation properties of the nucleon belds via: N I N'= KN

The coleman-Callan-Wess-zumino (CCwz) nonlinear realization of the chiral group:

U vo U o RUL
N ' N ' - K (L,R,U )N

To construct the effective Lagrangian, one uses building blocks which transform covariantly
with respect to SU(2)r x SU(2).

NI" N'=Z=KN, O;" O =KOK'!'=KOK
to write terms like: MO ;...O,N Tr(Op+1 ...Om) ... Tr(Om+1 ...0%)



Covariant derivatives of the nucleon and pion pelds:
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Covariant derivatives of the nucleon and pion pelds:
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Covariant derivatives of the nucleon and pion pelds:
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uy, == iu (!,U)u
L= L® L@+, LW = i#“Du$m+§7A#“#5uu N

70 &

L H :
ga = Ga(0): 9B (p)|AY(0)IN (p)&=: mi(p’) "HGa(t)+ %Gp(t) "%u(p)
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Covariant derivatives of the nucleon and pion belds:

B _1# 3
uy, == iu (!,U)u
— Lin=L® +L&+..., LY =W8 i#“Du$m+@7A#“#5uu N

70 &

H H :
ga = Ga(0): 9B (p)|AY(0)IN (p)&=: mi(p’) "HGa(t)+ %Gp(t) "%u(p)

m




Covariant derivatives of the nucleon and pion pbelds:

_ 14 3
DN =(!'u+ )N, !u.=§u!uu+u!uu
uy, == iu (!,U)u
— Lin= LA +L@+..0, LY =M i#D,$m+ %’Hﬂqﬂ*;@tg,uu N
Y0 | &
(p! p)*

#
ga = Ga(0): 9 (p)|AF(0)IN (p)&=: m(p’) "HGa(t)+ Gp(t) HSEU(p)

m
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Write the nucleon momentum as p* = mv* + I¥ with v*=1 and I,

Split the nucleon pelds intoN, = €™ *P*N, h, = €™ *P! N with P} :
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Write the nucleon momentumas p* = mv* + I¥ with v®=1 and I,' m

. : - e : ) 1+ W
Split the nucleon belds intoN, = €™ *P’'N, h, = ™ *P, N with P; := 5
For the free Dirac Lagrangian, one then obtains:

NGV ! m)N = ...= M,v aN,! B, (va +2m)h, + N,i!, h, + B,i!, N,

—> the small component h, behaves as a heavy bPeld and can be integrated out:

L, = M, (iv 4D + gaS&au)N, + O(m'?) where S, # i#$,-V
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Write the nucleon momentumas p* = mv* + I¥ with v®=1 and I,' m

. : - e : ) 1+ W
Split the nucleon belds intoN, = €™ *P’'N, h, = ™ *P, N with P; := 5
For the free Dirac Lagrangian, one then obtains:

NGV ! m)N = ...= M,v aN,! B, (va +2m)h, + N,i!, h, + B,i!, N,

—> the small component h, behaves as a heavy bPeld and can be integrated out:

L, = M, (iv 4D + gaS&au)N, + O(m'?) where S, # i#$,-V

i : : :
The HB propagator of the nucleon S(p) = AT il has an obvious interpretation:
| p .
S(x! y)= - 4 ! e PV = #(xo! yo)$ (%! 9
| (2" )*po + i! ' '




e In the HB formulation, the nucleon mass does not appear in the nucleon
propagator and contribute only through 1/m corrections to vertices

T+ n;
e Power counting: %=1+2 L+ Vil ;, | ;=%$2+ ?'+ d;
i
Lo TS 2\ 3
/ AN ($m)"8 = | 30, M,

e For example: e 1 " gon F!é




Effective chiral Lagrangian:

Ly =L@+ L@+ .

Lin = ¥ i1Dy[]! m+ gglulg,uu[] N+ NOPPIN + T WEOPIN + T WEPPIN + .

LG L8 L L
Pion-nucleon scatterlng amplitude for ! 2(q1) + N (pl) # | b(q2) + N (p2):
#b
T = M e g g i8R G (L0 84! @ (1
2m p A A p

calculated within the chiral expansion



Effective chiral Lagrangian:

Ly =L@+ L@+ .

Lin =10 ilHD,[']! m+ %!“!5uu["] N+ NAQPIN + T eEOPIN + T NEIPN + ...

& L2 L&
Pion-nucleon scattering amplitude for ! () + N(p1) # ! °(c) + N(p2):

E+m!
™ = 2m

; M :
192 g" (" t)+ iBath! #h' (", 1) +i%%€ g (", )+ iBap! &h' (",
) A ) )

calculated within the chiral expansion

Pion-nucleon scattering up to Q 4 in heavy-baryon ChPT
Fettes, Meigner O00; Krebs, Gasparyan, EE 012
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QCD is approximately SU(2)L x SU(2)r invariant. The chiral symmetry is
spontaneously broken down to SU(2)v (isospin group). Pions are Goldstone
Bosons of the broken axial generators. They would be massless in the chiral
limit.

It is easy to write down the most general chiral invariant effective Lagrangian
for pions. The choice of a particular realization of the chiral group is irrelevant
(provided proper imbedding of the isospin group).

Can
incorporate explicit breaking due to the quark masses.

Feynman calculus with DR: every loop is suppressed by Q2 (power counting)
| can calculate quantum corrections!

It is straightforward to extend the effective Lagrangian to nucleons. Because
of the nucleon mass, loops calculated with just DR are not suppressed. Either
use additional bnite subtractions (EOMS) or perform nonrelativistic expansion
of the Lagrangian (the HB approach).



e Resummation of leading LogOs

Weinberg, Bijnens, Colangelo, Bissiger, Fuhrer, Kiv el, Polyakov, Vladimirov, E

Leading logs can be computed for higher loops, all orders possible in certain cases

® Combining ChPT and dispersion theory

Colangelo, Gasser, Leutwyler, Bernard, Meig§ner, Desco  tes Genon, Knecht, Pelaez, Hoferichter, Kubis, Ruiz de Elvi  ra, E

e Covariant baryon ChPT

Becher, Leutwyler, Bernard, Mei8ner, Kubis, Gegelia, Scherer, Camalich, Geng, Ren, E

HB expansion has a very limited convergence range for some types
of diagrams —> Dbetter to resum 1/m recoil corrections up to inbnite
order (IR-ChPT). Alternatively, use manifestly covariant framework +
appropriate subtraction (EOMS) to enforce power counting

® ChPT with explicit spin-3/2 degrees of freedom

Hemmert, Bernard, Fettes, Mei§ner, Pascalutsa, Vanderhaeg  hen, Kaiser, Gegelia, EE, Gasparyan, Krebs, Siemens, E

$(1232) has low excitation energy ~ 300 MeV —> better to include as an explicit DOFE

® ChPT and/for lattice QCD

Colangelo, Beane, Savage, Jiang, Tiburzi, Procura, Wei  se, Walker Loud, Bernard, Mei8ner, Rusetsky, Hemmert, E

Chiral extrapolations, bnite volume corrections, quenched ChPT, E

e Unitarized ChPT and resonance physics

Oeller, Meig§ner, Dobado, Pelaez, Oset, Hanhart, Llanes-Estr  ada, Kaiser, Weise, ,E






const $------ ' I 1aé 4 O(1)

Low-energy nucleon-nucleon interactions are NOT
suppressed in the chiral limit



